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Abstract 
 
The derivation of margins for use in external beam radiotherapy involves a 
complex balance between ensuring adequate tumour dose coverage that will lead to cure 
of the cancer whilst sufficiently sparing the surrounding organs at risk (OARs). The 
treatment of cancer using ionising radiation is currently witnessing unprecedented levels 
of new treatment techniques and equipment being introduced. These new treatment 
strategies, with improved imaging during treatment, are aimed at improved radiation 
dose conformity to dynamic targets and better sparing of the healthy tissues.  However, 
with the adoption of these new techniques for radiotherapy, the validity of the continued 
use of recommended statistical model based margin formulations to calculate the 
treatment margins is now being questioned more than ever before.  
To derive margins for use in treatment planning which address present 
shortcomings, this study utilised novel applications of fuzzy logic and neural network 
techniques to the PTV margin problem. As an extension of this work a new hybrid fuzzy 
network technique was also adopted for use in margin derivation, a novel application of 
this technique which required new rule formulations and rule base manipulations. The 
new margin models developed in this study utilised a novel combination of the 
radiotherapy errors and their radiobiological effects which was previously difficult to 
establish using mathematical methods. This was achieved using fuzzy rules and neural 
network input layers. 
An advantage of the neural network procedure was that fewer computational 
steps were needed to calculate the final result whereas the fuzzy based techniques 
required a significant number of iterative computational steps including the definition of 
the fuzzy rules and membership functions prior to computation of the final result. An 
advantage of the fuzzy techniques was their ability to use fewer data points to deduce the 
relationship between the output and input parameters. In contrast the neural network 
model requires a large amount of training data.  
The previously stated limitations of currently recommended statistical 
techniques were addressed by application of the fuzzy and neural network models. A 
major advantage of the computational intelligence methods from this study is that they 
allow the calculation of patient-specific margins. Radiotherapy planning currently relies 
on the use of ‘one size fits all’ class solutions for margins for each tumour site and with 
the large variability in patient physiology these margins may not be suitable for use in 
some cases. The models from this study can be applied to other treatment sites, 
including brain, lung and gastric tumours. 
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Author’s main contributions 
 
The author’s main contributions included: 
 
• the design of a Monte Carlo based simulation environment using measured input 
errors to populate sufficient data representative of typical organ motion and 
setup errors; 
 
• the design of a modelling platform to quantify radiobiological and dosimetric 
indices due to the error affects; 
 
• the adaptation of fuzzy system and deduction of fuzzy rules and design of a 
model to quantify margin sizes using the derived input data; 
 
• the similar adaptation of a neural network system and a hybrid fuzzy network 
for new models to quantify margin sizes; 
 
• the design and execution of planning studies to compare the margins from the 
different models and finally;  
 
• the design and fabrication of a programmable motor driven platform and 
perspex phantom for experimentally testing the margins under typical organ 
motion environments. 
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Glossary of Terms 
 
 
A number of radiotherapy terms, abbreviations and acronyms are used throughout this 
thesis, and these are defined below: 
 
AP  Anterior-Posterior  
 
CBCT  Cone Beam Computed Tomography 
 
COM   Centre of Mass 
 
Coronal A vertical plane that divides the body into anterior and posterior 
(front and back) sections 
 
CRT  Conformal Radiation Therapy 
 
CT  Computed Tomography 
 
CTV  Clinical Target Volume 
 
Delineation Organ outlining in treatment planning systems to provide a 3D structure 
 
DVH  Dose Volume Histogram 
 
Dosimetry Accurate measurement of radiation doses 
 
EPID  Electronic Portal Imaging Device 
 
EUD   Equivalent Uniform Dose 
 
GTV  Gross Tumour Volume 
 
Gy  Grey (unit of radiation dose) 
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ICRU  International Commission on Radiation Units 
 
IGRT  Image Guided Radiation Therapy 
 
IM   Internal Margin 
 
IMRT    Intensity Modulated Radiotherapy 
 
kVCT  Kilovoltage Computed Tomography 
 
Linac  Linear Accelerator 
 
LR  Left-Right 
 
MLC  Multi-Leaf Collimator – used to define treatment field size 
 
MU  Monitor Unit 
 
MV  Megavoltage 
 
MRI  Magnetic Resonance Imaging 
 
NTCP  Normal Tissue Complication Probability 
 
OAR  Organ At Risk (also referred to as a critical organ or structure) 
 
PET  Positron Emission Tomography 
 
PTV  Planning Target Volume 
 
Radiotherapy Treatment of cancer using ionising radiation 
 
RMS  Root Mean Square 
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 xv 
Sagittal A plane that travels vertically from the top to the bottom of the 
body, dividing it into left and right portions 
 
SD  Standard Deviation 
 
SI  Superior-Inferior 
 
SM  Setup Margin 
 
TCP  Tumour Control Probability 
 
Transverse A plane that divides the body into superior and inferior parts 
 
UTCP  Uncomplicated Tumour Control Probability 
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Chapter 1 
 
Introduction 
 
1.1  Background 
 
In the treatment of cancer using radiotherapy the presence of a dose-response 
relationship for local tumour control exists due to killing of the cancerous cells using 
ionising radiation. There is sufficient evidence that a dose-volume relationship for the 
development of complications also exists, and this results in the induction of adverse 
side effects on the normal tissues and critical organs. Optimal treatments thus depend on 
the selection of the best possible margins due to the inherent complex trade-off between 
complications and cure. 
 In prostate cancer treatment using radiotherapy mild urinary side effects occur in 
up to 40% of patients; rectal side effects, including diarrhoea, occur in about 25% of 
patients whilst a variable number develop loss of sexual function due to damage to 
nerves (Akimoto et al 2004, Boersma et al 1998). Radiobiological studies have shown 
that reducing the volume of treated bladder, rectum and penile bulb leads to a reduction 
in the incidence of these adverse side effects (Jensen et al, 2010). The use of dose 
escalation has been found to improve cure rates in radiotherapy (Heisterkamp et at 2010, 
Rosenzweig et al 2005) whilst the use of new techniques such as intensity modulated 
radiotherapy (IMRT), stereotactic, volumetric dynamic arc delivery and radiosurgery 
systems all provide better radiation dose conformity to the tumour.  
 To realise the benefits of new treatment techniques, dose escalation and reduced 
side effects require the use of optimally selected margins and these can only be derived 
following a careful assessment of all factors that constitute and contribute to the 
delivered dose. The main contributing factors include the dosimetric effects of internal 
organ motion, set-up errors, and delineation errors. Whilst margin solutions currently 
exist in various forms, they tend not to include all these contributing factors and may 
                                                                                                                       Chapter 1: Introduction 
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therefore be inadequate to provide optimum coverage with advancing trends in 
radiotherapy. 
 
1.2  Problem formulation 
 
Treatment uncertainties encountered during the radiotherapy process can result 
in the dosimetric variability between the planned and delivered dose distributions to the 
target tumour volume and surrounding normal tissues and critical organs. The clinical 
significance of this variability continues to be a subject of much interest for many 
investigators (Maleike et al 2006, Meijer et al 2003, Litzenberg et al 2006). The 
presence of errors in the radiotherapy treatment chain, including tumour delineation, 
organ motion and daily patient set-up errors, necessitate the use of margins for treatment 
planning in external beam radiotherapy to ensure sufficient tumour dose coverage. A 
shortcoming of some of the current margin recommendations is that they tend to be 
derived based on geometrical or physical considerations only and do not consider the 
radiobiological effects of the tumour and adjacent critical organs. Derivations of the 
margins around the tumour are thus performed independently of the adjoining critical 
organs. These margin recommendations also do not include delineation errors in the 
integral margin derivation procedure. The published margin formulations also tend to 
assume a linear relationship between the PTV margin and radiotherapy errors, this may 
not be correct for all treatment strategies encountered in radiotherapy. New techniques, 
such as dose escalation, present significant challenges which may limit the application of 
current margins. The rigidity of these formulations to adapt to changing patient 
conditions also limits their applicability to all treatment scenarios. 
 
 
1.3 Aims and objectives 
 
To address the above shortcomings, the aims of this study are to: 
 
• Include both physical and radiobiological effects in the margin derivation 
process; 
• Include delineation errors in the margin formulation; 
• Take into consideration the proximity of surrounding critical structures in the 
margin derivation; 
                                                                                                                       Chapter 1: Introduction 
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• Check the validity of the linearity assumption between radiotherapy errors and 
the treatment margins; 
• Assess the applicability of computational intelligence based margins in new 
radiotherapy techniques, in particular when dose escalation and margin 
reduction schemes are used. 
 
To enable the execution of these aims a number of objectives were set, including: 
 
• Quantifying the doctor’s delineation errors in tumour outlining, and deducing 
the radiobiological and dosimetric effects of this error; 
• Quantifying treatment setup errors and organ motion induced errors and their 
radiobiological and dosimetric effects. 
 
The data derived from the above objectives was then used to build fuzzy logic and 
neural network based computational models for margin derivation. The use of fuzzy 
logic and neural networks allows for the correlation of the parameters for tumour dose 
coverage, avoidance of damage to critical organs and the geometric errors consisting of 
delineation errors, organ motion, set-up errors. The proposed models were tested in 
standard conformal and complex intensity modulated radiotherapy (IMRT) treatments 
and compared to current techniques. Use of fuzzy logic based techniques was compared 
to a neural network based technique. These new models were validated against 
recommended margin recipes used in radiotherapy planning. 
 
 
1.4 Outline of Thesis 
  
This section overview provides a framework of the underlying computations and 
modelling on which the work described in this thesis is based.  
Chapter 2 details the core literature underpinning the methods used in this thesis. 
Current margin derivation techniques are reviewed and their shortcomings highlighted. 
Detailed analysis of the computational and measurement techniques for quantifying 
radiotherapy errors and deducing their dosimetric effects is provided. The background 
theory of computational intelligence techniques used in this work is also reviewed. The 
effects of new radiotherapy techniques on the margin formulation problem are 
discussed. 
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As detailed in Chapter 3 the research design and methodology followed in this 
study is illustrated in Fig 1.1.  
 
 
 
Figure 1.1. Research project design  
 
In the first phase, the main radiotherapy errors, i.e. delineation, set-up and organ 
motion errors, were quantified and then their effects on the doses received by the target 
volumes and the critical organs were determined. Delineation errors in outlining the 
tumour and areas of microscopic disease spread were computed using a Gaussian 
Mixture Modelling (GMM) technique (Mzenda et al 2008a). GMM was used because it 
provides a quantitative method to determine outlining errors from given distributions of 
                                                                                                                       Chapter 1: Introduction 
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individual contours and it can be used for computation of the delineation error from 
single outlines due to its use of a probability density estimator. Set-up errors and organ 
motion-induced errors were quantified using a Monte Carlo technique (Mzenda et al 
2008b) which was modelled, based on measured variations of these errors. Monte Carlo 
simulation was chosen for use because it does not suffer from any of the limitations 
imposed by direct measurements, and allows for the derivation of a large patient 
population representative dataset.  
In the second phase of the study, the radiobiological and dosimetric effects of 
the errors were determined using a Monte Carlo based research environment. The 
parameters computed included the tumour control probability (TCP), the normal tissue 
complication probability (NTCP) as well as other dose statistics, including dose volume 
histograms (DVHs), mean and maximum doses and volumes receiving specific dose 
quantities (V99%, V60).  These parameters were chosen for use because they are 
sensitive to the effects of radiotherapy errors. 
In the margin modelling phase, the first method used was a fuzzy logic based 
technique to derive margin sizes using the input data mentioned above. A fuzzy logic 
system was chosen for this application because its use of fuzzy rules allows for the 
combination of radiotherapy errors and their radiobiological effects to select optimum 
margins. It is also capable of modelling this type of non-linear optimisation problem. 
Due to the high number of steps involved in the resulting fuzzy model, the same input 
data was then used in a neural network to determine if the efficiency could be improved. 
A neural network system was chosen because of its ability to learn the relationships 
between a set of inputs and outputs. It is also capable of modelling this non-linear 
problem and was considered to be computationally efficient for this type of application. 
In addition, to improve the transparency of these models, the use of a novel hybrid fuzzy 
network technique to determine margins was investigated. This technique was chosen 
because it is capable of clearly representing the complex process interactions in these 
margin models. 
As discussed in Chapter 4 the results from the above models were contrasted 
against each other and comparatively validated against currently used statistical 
techniques to determine the best method for clinical use. This was accomplished through 
the use of typical prostate clinical studies which were designed utilising margins derived 
using the above techniques from equivalent input errors. Experimental measurements 
were also performed in an especially fabricated programmable motion phantom to 
determine the suitability of the above margins in the presence of organ motion in 
conformal and intensity modulated radiotherapy. Statistical methods were used 
throughout for the analysis of the model results. 
                                                                                                                       Chapter 1: Introduction 
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A statistical comparison of the margin models showed better correlation 
between the fuzzy models and currently used statistical margin models, whilst poor 
correlation was observed between the neural network and statistical models. This result 
implies the clinical use of the fuzzy models would be comparable to current clinical 
practice whilst the use of neural network models would lead to worse results. This 
assumption was tested using typical treatment planning studies. The results from these 
studies showed that the fuzzy based PTV margins indeed resulted in plan parameters that 
are closer to currently used statistical techniques. Use of the neural network based 
margins was found to lead to higher PTV and OAR doses which would lead to adverse 
reactions when used for treating patients. For application in margin reduction and dose 
escalation it was found that use of the fuzzy model PTV margin resulted in similar doses 
to currently used margins in IMRT treatment planning, even in the presence of treatment 
uncertainties.  
Experimental investigations showed that the margin models used in this study 
did not suffer from significant dose reduction in the presence of organ motion. The 
currently used Stroom et al (1999) model showed the highest reduction of up to 4.3% in 
dose coverage to the PTV when organ motion was induced, whilst better results were 
obtained using the models derived from this study. The neural network model gave the 
highest increase in dose to critical organs, of up to 8.8%, in the presence of motion 
errors. On the whole, the fuzzy system PTV margins gave the best balance between 
target volume dose coverage and organ at risk sparing, and this model is recommended 
for use in deriving margins for radiotherapy treatment planning. 
 
  Finally, Chapter 5 summarises the investigations, results and conclusions of this 
thesis and suggests some possible directions for future research.  
 
Organ deformation, including the effects of tumour shrinkage during radiotherapy 
treatment, are not covered in the scope of this work 
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Chapter 2 
 
Literature review 
 
2.1 Introduction 
 
The derivation of margins for radiotherapy planning is mainly accomplished 
through the use of manual statistical approaches. More dynamic and powerful 
computational techniques are now easily accessible, capable of automating this 
procedure and providing consistently reliable solutions. There is therefore scope to 
improve the margin derivation process to produce optimum margins that could lead to 
better treatment outcomes. Reviewing the literature establishes the requirements for 
radiotherapy margins and the suitability of computational techniques to provide suitable 
solutions to this type of problem. 
 
2.2 Radiotherapy target volumes  
 
Target volumes or margins are used to account for microscopic disease spread as well as 
the various uncertainties encountered from the imaging stage and throughout the 
treatment phase in radiotherapy (ICRU Report 50 1993, ICRU Report 62 1999). The 
main uncertainties which can lead to underdosage of the target volumes and loss of 
tumour control are observer delineation errors, set-up errors and organ motion (van Herk 
2004). These uncertainties lead to the definition of the target volumes as shown in Fig. 
2.1.  
 
2.2.1   Gross tumour volume 
 
The gross tumour volume (GTV) outline is based on the visible or palpable 
extent and location of the tumour. Delineation errors in outlining the GTV margin result 
due to images of poor spatial resolution, intra- and inter-observer variations in target 
volume perception as well the use of different imaging and treatment planning protocols 
(Rasch et al 2005, Gao et al 2007).  
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Figure 2.1 Definition of target volumes in radiotherapy 
 
 
     Since the publication of the ICRU reports (ICRU 50 and 62) significant technological 
advances, especially in radiotherapy imaging, have increased the ability to further reduce 
some of the uncertainties in target volume definition. The use of multimodality imaging, 
including computed tomography (CT), positron emission tomography (PET) and 
magnetic resonance imaging (MRI) have led to the potential for improved localisation of 
the tumour volume and hence better definition of the GTV. Important physiological and 
functional information about the tumour can now be obtained from the application of 
PET and MRI imaging in radiotherapy (Ling et al 2000). 
 To aid diagnosis, image fusion techniques utilising CT and MRI images or CT 
and PET images are also used in radiotherapy planning. The use of MRI has the 
advantage of providing excellent soft tissue contrast resolution compared with CT, 
however the lack of electron density information, poor visibility of bony anatomy and 
potential image distortion mean that it is seldom used on its own for treatment planning 
purposes. The combination of PET and CT imaging for radiotherapy planning produces 
a biological target volume incorporating all the structural and functional information 
(MacManus and Hicks 2006) without the need for secondary image registration. 
                      
2.2.2   Clinical target volume 
 
             The GTV and surrounding areas of known or potential microscopic spread of the 
disease constitute the clinical target volume (CTV). There are presently no imaging 
methods to accurately show the microscopic spread of the disease leading to the CTV 
definition. This results in the uncertainty in determining the extent of the CTV margin 
for most tumour sites. Thus inter- and intra-observer delineation uncertainties in 
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structure outlining still remain and need to be quantified and incorporated in the margin 
derivation. Effective delineation still depends on the clinicians’ experience and 
knowledge.  
             For some treatment sites, such as in the head and neck region, the use of 
pathological and imaging information has resulted in proposals and guidelines for the 
delineation of the CTV and the involved nodes (Gregoire et al 2000, Gregoire et al 
2003, Nowak et al 1999). The use of a common atlas to aid in outlining the various node 
levels is also proposed. Such guidelines, though currently not available for all treatment 
sites, assist in standardising CTV margin delineation, however the experience and 
judgement of clinicians is still fundamental to attain accurate delineations. 
 
2.2.3 Planning target volume 
 
             The CTV is enclosed by the planning target volume (PTV) to incorporate the 
uncertainties in patient setup and organ motion, a geometrical concept expanded upon in 
ICRU’s Report 62 (1999). This report recommends that PTV margin sizes can be 
derived from the total standard deviation (SDTot) which is calculated from the quadrature 
sum of the mean standard deviations of the systematic errors (Σ) and the random errors 
(σ),  
 
                                   
22
Tot σSD +∑=     (2.1) 
 
This recommendation has been generally found to be invalid (Stroom and Heijmen 
2002) since it assumes that systematic and random uncertainties have equal effects on a 
patient’s dose distribution.  It has since been established that the impact of systematic 
errors is at least three times that of random errors and other margin recipes have 
therefore been developed (Stroom et al 1999, van Herk et al 2000) to address this 
anomaly. Both ICRU 50 and ICRU 62 argue against the linear addition of uncertainties 
as this would lead to an excessively large PTV which would compromise the tolerance 
of surrounding normal tissues.  
      Advances in image guided radiotherapy (IGRT) techniques, including the use of 
MV- and kV-Cone Beam CT (CBCT) imaging, have led to the potential for monitoring 
and reducing the uncertainty in set-up errors and inter-fraction organ motion. Similar 
advances in the use of motion modelling, respiratory gating and four-dimensional 
computed tomography (4DCT) imaging have led to the potential reduction in the 
uncertainty in intra-fraction organ motion (Meijer et al 2003). There is thus the potential 
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to reduce the PTV margin sizes and escalate the dose to the tumour and therefore 
improve treatment outcomes. 
 
 
2.3 Current radiotherapy margin derivation methods 
 
2.3.1 ICRU based margins 
 
The margins or volumes defined above are all based on the ICRU 
recommendations. With the introduction of new complex treatment techniques including 
IMRT, the ICRU margin formulations have largely continued to be used for deriving 
margins for planning purposes (Samuelsson et al 2003). The original ICRU margin 
recommendations (ICRU Report 50 1993, ICRU Report 62 1999) have limitations in 
that they do not address the issues of overlapping volumes between target volume and 
organs at risk nor the non-rigid tumour transformations that occur during a course of 
radiotherapy. They also do not address how tumour delineation uncertainties should be 
incorporated into treatment margins. They do not provide details on how margins around 
organs at risk should be derived. Other margin recipes have been suggested (Stroom and 
Heijmen 2002, Stroom et al 1999, van Herk et al 2000) which take some of the above 
issues into consideration in their formulations.  
ICRU Report 71 (2004) refines the volume recommendations from ICRU 50 and 
62, and provides further examples to clarify these concepts. The use of margin recipes is 
included with the acknowledgement that the standard deviation of the systematic errors 
is about three times that of the random errors. A method is also proposed for deriving 
margins around organs at risk. An element of uncertainty still remains on the 
applicability of these margin recommendations in new radiotherapy techniques including 
IMRT, IGRT and adaptive radiotherapy. 
 
 
2.3.2  Margins based on dose coverage probability 
 
Analytical derivations of treatment margins based on the probability of correct 
target dose coverage were performed by Stroom et al (1999) and by van Herk et al 
(2000), where margin recipes or formulations were proposed. The impact of random and 
systematic errors were quantified in terms of the dose delivered to the CTV and Dose 
Volume Histograms (DVHs) were calculated and used to determine the effect of the 
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uncertainties. In van Herk et al’s formulation convolution of the dose distribution with 
random errors was first performed to obtain a blurred dose distribution. This dose 
distribution was then shifted by using the systematic error to obtain the dose distribution 
in the CTV. The probability distribution of the systematic errors was finally used to 
compute the dose distribution received by each fraction of the patient population. A 
margin recipe was derived based on the condition that for 90% of the patients the 
minimum dose should be at least 95%, see Table 2.1.  
Stroom et al (1999) used a total of 12 parameters describing random and 
systematic deviations in their margin derivation. The patient’s CTV was described as a 
3D matrix using the treatment room coordinate system. This matrix was convolved using 
the probability distributions of the random and systematic errors. The influence of these 
errors on the dose to the CTV was deduced using dose probability histograms and a 
margin recipe was derived. This derivation was based on the condition that 99% of the 
CTV should get at least 95% of the dose. 
 
Table 2.1 Statistical margin recipes based on dose coverage probability 
 
Research Group PTV Margin Formulation 
 
Van Herk et al (2000) 
 
            2.5Σ+0.7σ 
Stroom et al (1999)                2Σ+0.7σ 
 
Both formulations came to the conclusion that the standard deviation for the systematic 
errors is at least three times larger than that for the random errors. The methods are 
currently recommended (ICRU 71 2004, BIR 2003) for deriving margins for use in 
radiotherapy planning. 
The inclusion of breathing motion in margin recipes was proposed using a 
mathematical approach by McKenzie (2000). The approach combines the dose 
distribution from a generalised cyclical breathing motion with an idealised step function. 
The study proposes that breathing motion should be added linearly to the quadrature sum 
of the other errors. On the other hand, van Herk et al (2003) combined respiration 
motion with the standard deviations of penumbra and random errors in quadrature. They 
found that respiration induced motion of up to 1 cm amplitude could be approximated by 
a Gaussian distribution. Larger respiration motion however requires the use of 
asymmetric margins. 
  The use of a Monte Carlo technique to simulate the effects of organ motion and 
set-up errors relative to a fixed dose distribution was first considered by Killoran et al 
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(1997). The simulation used the Box-Muller technique to sample translations and 
rotations of organ motion and set-up errors from Gaussian distributions. The combined 
effect of organ motion and set-up errors was applied as a shift of the anatomy relative to 
the static dose distribution. This was repeated for all treatment fractions comprising the 
treatment course. Each complete course of treatment was simulated 100 times to 
quantify the range of possibilities. For the example of the prostate it was found that a 10 
mm CTV to PTV margin combined with a 5 mm dosimetric margin provided adequate 
coverage to the CTV when treatment uncertainties were incorporated. 
Using a set of planning and treatment CT scans, a simulation method was also 
used by Mageras et al (1999) to design non-uniform margins with the aim of 
maximising target coverage and normal tissue sparing. A generic data set of CT scans 
was used to deduce differences due to organ motion, and these differences were then 
applied to the patient being planned. The set-up error, consisting of a systematic and a 
random component, was randomly sampled from the frequency distribution of set-up 
errors. The Box-Muller technique was applied for sampling Gaussian distributions and a 
numerical technique was used for arbitrary shaped distributions. The method was 
applied to five prostate plans and the results indicated an increase in the seminal vesicle 
tissue control probability (TCP) when this technique was used, however no change was 
noted for the prostate TCP and the rectal wall normal tissue complication probability 
(NTCP). 
In practice the most common technique for deducing PTV margins for use by 
individual radiotherapy centres is the use of portal imaging to deduce the organ motion 
and set-up errors which are then combined using one of the published margin recipes to 
derive the required margins. Numerous studies using either offline or online portal 
imaging protocols have been undertaken to deduce margins for different tumour sites. 
For example the effects of organ motion and set-up errors for lung cancer patients was 
investigated by Ekberg et al (1998) with the aim of determining the PTV margin sizes to 
be used. Fluoroscopy was used to study the tumour movement whilst an electronic portal 
imaging device was used to study set-up errors. The total standard deviation of these 
errors was then calculated in quadrature and the PTV margin was computed using a 
nominal probability factor for the CTV coverage. Taking into account the measured 
errors and allowing for unquantified uncertainties a total PTV margin of 11 mm in the 
transverse plane and 15 mm cranially and caudally was derived. Beltran et al (2008) 
used four localisation methods i.e. skin markers, pelvic bone anatomy and gold seeds 
(with and without a 5 mm action level threshold) to determine PTV margins for the 
prostate. Margin calculations were then performed for each of the four methods by using 
the margin recipe proposed by van Herk et al (2000) (see Table 2.1).  
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The BIR publication (BIR 2003) on geometrical uncertainties provides 
comprehensive practical guidance and recommendations on how to determine treatment 
uncertainties and geometric margins around target volumes and organs at risk for 
different cancer sites. These recommendations are also briefly mentioned in ICRU 
Report 71 (2004).  
 
2.3.3 Margins based on biological and physical considerations 
 
In a separate study by van Herk et al (2003) the standard deviations of penumbra, 
random errors and organ motion were combined in quadrature and used to displace a 
dose distribution for a number of simulated fractions. The total dose was corrected for 
the biological effects of fractionation. It was found that the limited number of fractions 
causes an uncertainty in the isodose levels of the total dose equal to the standard 
deviation of the random errors divided by the square root of the number of fractions. 
In most margin recipes organ motion and set-up errors are represented by rigid 
body translations, thus organ deformation is generally ignored. Price and Moore (2007) 
introduced a statistical shape model that may be used to account for organ deformation 
in margin determination. Data from CBCT scans was used to account for uncertainties 
due to observer delineation errors, organ motion and set-up errors. They created a point 
distribution model from corresponding surface points for a set of rectal delineations on 
the CBCT images. Coverage probability matrices were generated from the point 
distribution models. Their technique takes into account organ shape deformations. 
A Markov chain model was proposed by Çetin (2007) to deduce patient specific 
CTV to PTV margins. To construct the model planning CT scans were first obtained, 
followed by a few repeat CT scans at different time intervals. The transition probability 
matrix representing patient set-up error and organ motion was derived from the 
reference and successive CT scans. The initial stationary distribution of the tumour was 
obtained using a Markov chain and then the knapsack problem approach was applied to 
maximise the probability of tumour coverage and span. In this analysis the tumour was 
visualised in terms of area and the planning CT was divided into small cells. A recipe 
was provided for calculating the CTV to PTV margin, however no clinical or 
experimental validation of this formulation was performed in the study nor was the 
technique compared to existing methods. 
The design of patient-specific margins has been implemented in a number of 
lung tumour studies (Sixel et al 2003, Onishi et al 2003, Allen et al 2004)) since target 
motion in this case is most likely to result in geographic miss. Rietzel et al (2006) used 
4DCT (4-Dimensional Computed Tomography) to design patient-specific margins for 10 
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lung patients. 4DCT as well as free breathing standard helical CT scans were acquired 
for these patients. The same observer delineated GTV margins on the 4DCT data as well 
as on the helical CT scans. An 8 mm GTV to CTV margin was grown. The PTV margin 
was then calculated by the root of the sum of the internal margin (IM) and the set-up 
margin (SM). This resulted in PTV margins ranging from 15.0 mm to 19.9 mm, 
depending on the SM size and the inter- and intra-fractional motion components of the 
IM. Internal margins could be reduced from 10 mm to 5 mm hence the PTV margin size 
could be reduced from 20 mm for a standard helical CT scan to 15 mm based on 4DCT 
data. 
 
2.3.4 Margin determination for organs at risk 
 
The ICRU recommends the drawing of margins around organs at risk to produce 
planning organ at risk volumes (PRV) which include the effects of movement and set-up 
errors. However there is no recommended procedure from their publications on how to 
determine these margins. 
McKenzie et al proposed an algorithm for drawing margins around organs at risk 
when dose levels used around these margins would cause unacceptable complications 
(McKenzie et al 2002). For large parallel organs at risk a margin of 1.3Σ was shown to 
be sufficient to account for systematic errors. For small parallel structures and for serial 
structures where the blurring caused by random errors will affect the risk of 
complications a margin of 0.5σ was recommended for addition to the margin of 1.3Σ for 
systematic uncertainties. A drawback of this margin recipe is that the derivation is 
performed independently of the margins for the tumour volume. 
Muren et al (2004) applied the above formulation to clinical measurements of 
rectum displacements using repeat CT scans. This was compared to a direct empirical 
method where the margins around the planning scan rectum were deduced to encompass 
the observed rectum displacements. The margins derived using McKenzie et al’s 
formulation were substantially smaller than those derived using the empirical method. 
This difference was attributed mainly to the measurement techniques used to find the 
rectal displacements as well as the fact that the empirical margins were based on internal 
rectal motion only. 
The use of a PRV margin is found to be especially critical for serial organs 
where damage to a small section results in severe clinical complications. In instances 
where the PRV is found to overlap with the PTV the ICRU 62 recommendation is to 
modify the PTV according to the presence of organs at risk and the dose prescription. 
There is no comprehensive guidance on how this modification should be done. This 
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qualitative judgement leads to a large variability in the resultant margins from different 
users. In this study we propose margins that take into account the proximity of OARs, 
and this should lead to more consistency in the derived margins. 
 
 
2.4  Radiobiological and dosimetric parameters 
 
Treatment margins have previously been derived based on radiobiological 
considerations by a number of investigators. Lind et al (Lind et al 1993) derived an 
analytical formula dependent on the fractionation and dose homogeneity to the target 
volume in determining the margin sizes. A linear quadratic model for cell survival was 
also incorporated (Löf et al 1995) in developing an algorithm to obtain field sizes 
leading to adequate tumour dose coverage. On the other hand Stavrev et al (Stavrev et al 
1996) used a one-dimensional model and tumour control probability distributions for 
target volume selection, however they did not consider the effects of normal tissue 
complications in their study. In our study these considerations are taken into account in 
the margin selection. 
 
2.4.1 Tumour control and normal tissue control probabilities 
 
The fundamental concepts of tumour control probability (TCP) and normal 
tissue complication probability (NTCP) describe the probabilities of killing all tumour 
cells in a volume, and the damage to normal tissues and critical organs, respectively. The 
therapeutic gain, or probability of cure without complications, is obtained by calculating 
the Uncomplicated Tumour Control Probability (UTCP) (Wolbarst et al 1980), which in 
the simplified form is approximated by  
 
   NTCP)TCP(1UTCP −=      (2.2) 
 
This relationship is illustrated in Fig. 2.2. It shows the complicated trade-off between 
attaining tumour cure and sparing normal tissue, and the limited therapeutic window 
available to prescribe the curative dose. 
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Figure 2.2 Correlation between TCP, NTCP and UNTCP 
 
The TCP values for the prostate CTV can be calculated based on Equivalent 
Uniform Dose (EUD) radiobiological modeling following the recommendations of Gay 
and Niermierko (Gay and Niermierko 2007). The EUD is defined as the uniform dose 
distribution giving an equivalent survival fraction to that of a heterogeneous dose 
distribution (Wu et al 2002). The EUD based TCP is described by the relationship  
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where D50 is the dose to control 50% of the tumour following homogenous irradiation, 
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where a is a parameter specific to the normal structure or tumour and vi represents the 
partial volume receiving dose Di. The generalised mean dose is used in this case as a 
descriptor of EUD. 
Similarly the NTCP values for the rectum can be calculated using the 
parameters in the table 3.2 according to the Lyman-Kutcher-Burman (LKB) model 
Tumour 
control 
probability 
Normal tissue 
complication 
probability 
Effect 
Dose 
Uncomplicated 
tumour control 
probability 
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(Burman et al 1991), using the equation 
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and TD50 is the tolerance dose for a 50% complication rate for a specific time period 
whilst m is a unitless parameter accounting for the volume effect; this determines the 
steepness of the model curve. 
 
 
2.4.2 Dosimetric parameters (V99% and V60) 
 
According to the International Commission on Radiation Units and 
Measurements (ICRU)  recommendations, the planned dose to the PTV should be 
representative of the dose delivered to the CTV (ICRU 50 1993), and the homogeneity 
in the PTV dose should be kept within the range 95% - 107% (ICRU 62 1999). To 
satisfy the ICRU recommendations, the criterion used for analysis in this study is that on 
average 99% of the CTV should get at least 95% of the prescribed dose. 
An important predictor of rectal bleeding and acute rectal toxicity is the rectal 
volume receiving more that 60 Gy of radiation dose i.e. V60, (Nuyttens et al 2002, Liu 
et al 2003). The mean rectal dose and V60 are also highly correlated to grade 2 or higher 
rectal bleeding in prostate radiotherapy. For these reasons, the rectal V60 was chosen as 
a dose limiting parameter in PTV margin modelling in this study and values greater than 
40% were considered to lead to adverse reactions. 
 
 
2.5 Monte Carlo simulation 
 
The stochastic nature of radiotherapy errors, consisting of random and 
systematic components, allows for the use of Monte Carlo simulation to accurately 
model their variation and quantify their dosimetric effects. Monte Carlo simulation has 
previously been applied to model the effects of treatment uncertainties (Killoran et al 
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1997). A similar application of the Box-Muller technique (Mzenda et al 2008b) was 
used to simulate displacement based on standard deviations of the systematic and 
random errors measured using implanted markers for prostate (Zhang et al 2006), 
breath-hold measurements for lung (Erridge et al 2003) and bony anatomy matching for 
brain (van Asselen et al 2004) displacements. The Box-Muller method utilises the 
fundamental transformation law of probabilities to convert from independent standard 
uniform random variables to produce independent standard normals. Using this 
technique requires the mean and variance information of the distribution to calculate the 
required normal random deviates x according to the equation 
 
σpi ,)(2sin)ln(2 Σ∗∗−= randnrandnx    (2.7) 
 
where Σ and σ denote the measured systematic error (Σ) and random error (σ) values; 
and randn denotes the random variables generated from Monte Carlo. 
  
2.6  Fuzzy systems 
 
A non-linear relation exists between input errors and their dosimetric effects, 
and between the parameters for tumour dose coverage and the corresponding dose to 
OARs. In addition, these parameters and the margin derivation process comprise a 
modular structure exhibiting various interconnections and internal interactions. A fuzzy 
logic system, through the use of fuzzy rules and membership functions, is capable of 
adequately modelling such a complex and non-linear process (Filev 1991, Sarimveis and 
Bafas 2003).  
Basic fuzzy systems tend to use a single rule based system which 
simultaneously processes the inputs without taking into account the interactions and the 
structure of the system (Ross 2004). Fig 2.3 shows a schematic representation of such a 
system, where {x1,…, xm} are the inputs, RB is the rule base and y is the output.  
  
 
Figure 2.3 Fuzzy system 
 
       
          RB 
x1 
x2 
… 
xm 
y 
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Such a system with m inputs x1…xm
 
taking linguistic terms from the sets {A11,… 
,A1r},…,{Am1,… ,Amr} and n outputs y1…yn
 
taking linguistic terms from the sets {B11,… 
,B1r},…,{Bn1,… ,Bmr} where r is the number of rules, described by the generic rule base 
 
If x1 is A11 and/or  … and xm is Am1, then y1 is B11 and … and yn is Bn1 
…           (2.7) 
If x1 is A1r and/or  … and xm is Amr, then y1 is B1r and … and yn is Bnr 
 
The fuzzy system operates through a system of fuzzification, inference and then 
defuzzification to compute the model output. In the first step the inputs are fuzzified into 
fuzzy values using fuzzy membership degrees. The fuzzy membership degrees are then 
mapped to fuzzy values of the output in terms of a fuzzy membership function. In the 
final step the fuzzy membership function is defuzzified into a crisp output value. Due to 
the use of expert knowledge in this study, the Mamdani type fuzzy inference system was 
initially used for modelling as it is effective at capturing and accurately representing 
expert knowledge (Mamdani 1977).  
Fuzzy logic was chosen for use in this study because the parameters for tumour 
control (TCP), damage to healthy tissues (NTCP), delineation errors, organ motion, set-
up errors and the required margin cannot be combined easily using mathematical 
formulations. This may be one of the reasons why current margin formulations use only 
geometrical considerations for margin formulations as these can be combined using 
statistical techniques. Fuzzy logic’s linguistic rules and membership functions offer a 
modeling methodology to link the above geometrical and radiobiological parameters. 
For a non-linear system as described in this study the Sugeno type fuzzy system is 
considered more suitable than, for example, a Mamdani type fuzzy system for modeling 
purposes (Kim et al 1998, Ying 1998), however, both systems were used and compared 
in our study. Fuzzy logic also has the potential to be combined with existing algorithms 
in radiotherapy planning, leading to intelligent solutions to the complexities encountered 
in current and emerging radiotherapy treatment techniques. The strength of fuzzy logic 
is that it allows input patterns to belong to the output classes to a certain degree. The 
recognition task does not require an absolute classification and hence improves the 
accuracy of the final classification.  
The use of fuzzy logic for the determination of clinical target volumes (CTVs) 
in radiotherapy was initially performed by Waschek et al (1997). The aim of their work 
was to use the experience and knowledge of clinicians to deduce the CTV margin by 
incorporating the region comprising the microscopic spread of the disease which leads to 
diagnostic uncertainty into the target volume definition. A minimal CTV definitely 
containing the tumour was outlined as well as a maximal CTV outside of which there 
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was no tumour spread. The region of diagnostic uncertainty in between these two 
volumes was then processed using a knowledge-based fuzzy system to determine the 
optimum extent of the CTV. The knowledge-based system was based on the expected 
increase in NTCP and the gain in TCP for each voxel if included in the CTV, where the 
relationship between NTCP and TCP was based on the knowledge of experienced 
clinicians. The fuzzy system was applied to test phantoms and to clinical cases. From the 
phantom results it was deduced that using this system could lead to sparing of critical 
structures. From the clinical cases it was found that the size of the fuzziness region and 
the variation in target volumes defined by the clinicians were in the same range. This 
work however did not consider the effects of organ motion and set-up errors which lead 
to the definition of the PTV, it only focuses on the outlining errors. 
Caudrelier et al (2003) applied a fuzzy logic method to reduce the inaccuracies 
due to two-dimensional contour definition and its associated segmentation methods 
which are used in the creation of the three-dimensional target volume. Using MRI 
images, a 2D minimum region definitely containing the object and a maximum region 
definitely not containing the object were delineated. The fuzzy values for the degree of 
membership for each voxel between the two contours were processed using possibility 
distribution functions, taking into account the slice position and profile. Smaller target 
volumes were obtained using the fuzzy logic method compared to the classical method 
and a small decrease in intra- and inter-observer variations was also noticed when using 
the fuzzy logic method. There was no consideration for setup errors and organ motion 
leading to a PTV margin.  
Stieler et al (2009) used an adaptive neuro fuzzy inference system (ANFIS) to 
automate the process of parameter optimisation which is usually performed by human 
operators in IMRT inverse treatment planning to generate a treatment plan with the 
required dose distribution. 
These studies proved the feasibility of using fuzzy logic to radiotherapy 
problems in general, and to the margin derivation problem in particular. It was thus 
chosen as the primary method to commence the computational modelling undertaken in 
this study. 
 
 
2.7  Fuzzy networks 
 
A novel hybrid type of fuzzy system, called fuzzy networks, consists of 
networked rule bases (Gegov 2010).  Such a networked rule base system deals with 
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process inputs sequentially while taking into account the interactions and the structure of 
the system. Fuzzy networks allow for the manipulation of fuzzy systems using basic 
operations such as Boolean matrices and binary relations. In this way horizontal and 
vertical merging and splitting of the rule bases and the output can be performed. These 
operations can be applied on feedforward fuzzy networks, which are connected only in 
the forward direction, as well as on feedback fuzzy networks, where one of the outputs is 
fed back as an input. 
Fuzzy networks are similar to neural networks in that they both consist of nodes 
and connections, however whilst the nodes in a neural network are represented by 
neurons, those of a fuzzy network are represented by rule bases. Fig 2.4 shows a 
representation of such a system where {RB1,…, RBm-1} is the set of rule bases, {x1,…, xm} 
is the set of inputs, {z1,…, zm-2} is the set of interactions, {I21},…, {Im-1,1, Im-1,2, …} 
represent the identity rule bases, RB is the equivalent rule base and y is the output. The 
rules for such a system are derived from measured data or from expert knowledge. The 
resulting network rule base system model is accurate and transparent, and allows for 
better understanding and the management of complex processes. 
 
 
 
 
 
 
Figure 2.4 Fuzzy network 
 
 The generalised identity rule base, Iij, in level i and layer j of the underlying grid 
structure where i=1, m-1 and j=1, m-2 is represented as 
 
 
 
 
RB1 
x1 
x2 
z1 
... 
 
RB2 
z2 
 
RBm-1 y 
zm-2 
... 
xm 
 
I21 
 
Im-1,1 
x3 x3 
xm 
 
Im-1,2 
xm 
... 
RB 
                                                                                                             Chapter 2: Literature Review 
 22 
  ijij
jiji 11i11i
A is  then x,A is  xIf ++
 
  …         (2.8) 
  ijij
jiji s1is1i
A is  then x,A is  xIf ++
 
 
   
where ij
jit
A , tij=1,sij is the linguistic term for input xi+1 and output xi+1 in rule tij of Iij, and  
  sij is the number of rules in the identity rule base Iij. 
  
 
The rules for the first rule base, RB1, are generally expressed as 
 
 
   If x1 is A11 and/or x2 is A21, then z1 is B11 
  …         (2.9) 
  If x1 is A1q and/or x2 is A2q, then z1 is B1q 
 
 
where q is the number of rules in the rule base RB1. 
 
The rule base in layer i of the underlying grid structure, RBi
 
(where i=2;m-1), is 
represented by 
 
 
  If zi-1 is Aii-1,1 and/or  x1+1 is Aii+1,1, then zi is Bi,1  
  …         (2.10) 
  If zi-1 is Aii-1,pi and/or  x1+1 is Aii+1,pi, then zi is Bi,pi  
 
 
where i
ik1,-iA
,
 
ki=1,pi  is the linguistic term for input zi-1 in rule ki of RBi,  
 
    i
ik1,iA +
 
,
 
ki=1,pi  is the linguistic term for input xi+1 in rule ki of RBi,  
 
    iB
iki,
 
,
 
ki=1,pi  is the linguistic term for input zi in rule ki of RBi, and 
 
    pi  is the number of rules in the rule base RBi. 
 
 
The single equivalent node for the fuzzy network as a result of the vertical (+) 
and horizontal (*) merging of all network and identity nodes is generally expressed as 
*p=1
m-1(N1p+ +q=p+1m-1Iqp), where the first and second subscripts, p and q, indicate the row 
and column number, respectively, of the corresponding rule base (node) in the 
underlying grid structure for the fuzzy system. The generalised forms of the operations 
of horizontal and vertical Boolean matrices in a fuzzy network are described in 
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Appendix A1. The grid structure in this equation specifies the location of the nodes as 
well as their inputs and outputs, which can be represented as vectors or scalar quantities. 
 
  
2.8  Neural networks 
 
A neural network was chosen for use in this study due to its ability to learn the 
relationships between inputs and outputs without the requirement of apriori information 
regarding these parameters. This allows for all the known information regarding patient 
errors to be included. Also, because the input data for the neural network model used in 
this study is derived from 10 different patients, the inter-patient variability is inherently 
included in the model.  
Neural networks consist of interconnected layers and each layer has a collection 
of nodes or neurons. The nodes are structured into a number of layers connected together 
by weights. Typically, a neural network consists of three layers, the input, hidden and 
output layers. The input data or pattern is presented to the neural network through the 
input layer and the nodes in the hidden and output layers process this information. When 
a neural network is presented with training data the weights are adjusted to increase the 
likelihood that the network computes the desired output (Dayhoff and DeLeo 2001).  
                         
 
                                
 
Figure 2.5 Typical feed-forward neural network   
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Information is propagated from the input to the output nodes by computing the 
sum on each node which is obtained by multiplying all the nodes in the previous layer 
by the weight connecting the two nodes in question and summing together. Fig 2.5 
shows a typical feed-forward neural network with three inputs, x1, x2 and x3; the arrows 
between the nodes are associated with weights. Σ denotes the weighted sum over the 
inputs and the respective bias bi corresponding to the ith node; σ is the activation 
function and y(x) is the output. 
Calculation of the network output is accomplished by using a feed-forward 
process and application of an activation function for each layer in the network. 
Activation functions are required for introducing non-linearity into the network. This is 
useful when trying to learn complex relationships such as those based on clinical 
experience as in this study. In the neural network process, the neurons at the input layer 
pass the numerical input values to the hidden layer. During this phase the numerical 
input value is multiplied by a weighting factor. At the hidden layer the neurons sum up 
the values from the input layer and apply an activation function. In linear transfer 
activation functions the output unit is the weighted sum of the inputs plus a bias term.  
  Once the values on the output nodes are calculated, they are compared to the 
expected values and the difference is used to change the interconnecting weights using 
back-propagation of errors. Back-propagation is a supervised learning process that 
occurs each time the neural network is presented with new input data through a forward 
flow of outputs and the backward error propagation of weight adjustments. The process 
is repeated until the difference reaches a minimum value. The root mean square error 
(RMS) quantifies the difference between the network output, y’(x), and the measured 
performance, yo, according to the general equation 
 
( )∑
=
−=
n
i
o
ii yxyRMS
1
2
' )(     (2.11) 
 
The strength of neural networks is that they are capable of learning the relationships 
between functions given an appropriate training dataset. Also, with a limited dataset as 
in this study, multilayer perceptrons (MLPs) were considered more applicable than using 
radial basis functions (RBFs), because they can sufficiently approximate the required 
function (Adra et al 2009).  
Kaspari et al (1997) used an artificial neural network (ANN) based technique to 
determine the clinical target volume (CTV) margins for brain tumours. The training data 
for the neural network was based on clinical cases where the CTV was defined by the 
clinician based on their expert clinical knowledge. This training data is subjective due to 
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the variability in inter- and intra-physician outlining. Their study did not look into set-up 
errors or organ motion errors which lead to the requirement for a PTV as considered in 
our study. Advances in radiotherapy imaging now allow the accurate quantification of 
organ motion and set-up errors that influence the PTV margin size. This allows the use 
of training data based on accurately measured treatment errors and their effects and thus 
the variability in expertly deduced data is reduced as it is then based on measured data 
which can be reproduced and verified. 
 
 
2.9 Conclusion 
 
Whilst maintaining the ICRU definitions of treatment volumes, the planned use 
of fuzzy and neural network computational approaches, utilising radiobiological dose 
metrics, should lead to the derivation of more accurate margins. The underpinning 
literature indicates that these methods should be suitable for use in this application as 
they have been proven to lead to reliable and accurate results in similar problems. 
Previous margins have largely led to population based class solutions. The use of new 
techniques should lead to more individualised margin solutions. 
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Chapter 3 
 
Research Methodology 
 
 
3.1 Introduction 
 
To derive margins for clinical use an understanding of the impact of errors on 
the dose deposited is essential as this impacts directly on the treatment planning and 
treatment delivery. The models developed in this study, consisting of a fuzzy system, a 
hybrid fuzzy network and a neural network, were all based on this crucial input data. 
The models were developed in the Matlab environment, and they utilised the relevant 
fuzzy or neural network toolboxes where appropriate. 
 
3.2 Model input data 
A Monte Carlo based simulation was used to quantify the effects of delineation, 
organ motion and set-up errors on the CTV and OARs for prostate cancer radiotherapy 
treatment. The resulting data, together with radiobiological tolerances for critical organs 
and indicators for optimum tumour dose coverage leading to cure, was used as input for 
the fuzzy system, fuzzy network and neural network models in this study. 
 
3.2.1 Quantification of delineation errors and Monte Carlo simulation 
 
The CTV margin sizes used in this study included the delineation error 
component quantified using the Gaussian Mixture Modelling (GMM) technique 
(Mzenda et al 2008a). The GMM method models the probability density function 
of the input variables by using a multivariate Gaussian density function. The 
weighting of the inputs were refined through the use of expectation maximisation 
(EM) algorithms. In the first step the likelihood of a point belonging to the 
cluster was calculated, and in the second step the probability was maximised 
using mixing weights. Delineations of the same prostate target volume performed 
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independently by three experienced clinicians were used for the study. This 
technique allowed for the computation of the standard deviations of the input 
delineation errors in different directions. Standard deviations of up to 2.2 mm 
were obtained between the different observers for the prostate CTV delineations, 
see Table 3.1. 
 
Table 3.1 Inter and intra-observer delineation errors for prostate CTV 
 
 
SI AP LR 
Inter-observer 2.2 1.9 1.8 
Intra-observer 1.9 1.8 1.6 
 
 
This error magnitude was used in determining the influence of treatment 
uncertainties on the dose to the CTV and OARs. 
One treatment course history of the Monte Carlo simulation consisted of the 
total number of fractions in the treatment e.g. 35 for prostate. In one treatment course 
history the systematic error was simulated once and kept constant for all fractions in a 
treatment course. The random error was re-simulated for every fraction in a treatment 
course. 200 histories were performed per treatment plan to quantify a statistically 
significant range of simulation possibilities. This was performed for each complete 
course of treatment with and without the use of patient online correction protocols. The 
results were validated against measured data and good agreement was found. 
Results from the Monte Carlo simulation were then used to perform translations 
around the centre of mass (COM) for each CTV and OAR. This resulted in the 
displacements of each CTV and OAR around the static dose distribution, and the new 
dose delivered to each organ was computed. The dose to each organ was then summed 
for each complete course of treatment, and assessed for clinical significance. 
Simulations were also performed on the prostate plans using the delineation error 
component as the only systematic error in order to quantify the dosimetric effect of this 
uncertainty. 
 
3.2.2 Treatment planning and computation of radiobiological parameters  
 
Five conformal prostate treatment plans with gross tumour volumes (GTVs) 
ranging from 35 cm3  to 102 cm3 were generated on the CMS (XiO) treatment planning
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system using the Superposition algorithm based on the criteria that the 99% isodose 
level covered the CTV margin. A 2 Gy per fraction prescription using 6 MV photons 
was used to give a total dose of 70 Gy in 35 fractions. The baseline plans were produced 
with a CTV only margin, i.e. no PTV margin (M) grown. For each of these plans 
uniform PTV margins M of 0, 3, 5, 8, 10, 12, 15, and 18 mm were outlined, see Fig 3.1. 
This range of margins was chosen to permit the fuzzy model to establish the clinically 
usable range of margins and to determine an upper margin limit based on the tolerance 
of the critical organs. All the plans used the same CTV margin size which for the case of 
the prostate is the same as the GTV.  
The TCP values for the prostate CTV were calculated based on EUD 
radiobiological modeling following the recommendations of Gay and Niermierko (Gay 
and Niermierko 2007) as shown in Equation 2.3 in Section 2.4.1. The parameters shown 
in Table 3.2, based on the recommendations of various prostate cancer studies (Burman 
et al 1991, Emami et al 1991, Ragazzi et al 1997) were used in the TCP calculation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                    
Figure 3.1 Schematic representation of variable margins M outlined for quantifying 
model input data 
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Table 3.2 Parameters used for prostate TCP and for rectum NTCP modeling for a 2 
Gy per fraction dose prescription 
  
 
 
 
 
 
 
 
 
 
 
The  NTCP values for the rectum were calculated using the parameters in the Table 
3.2 using the equation 2.5. 
Using equations (2.2)-(2.6) the baseline tumour control probability (TCPo) and 
baseline normal tissue complication probability (NTCPo) values were calculated for all 
the plans and margins sizes M  used in the study.  
 
 
3.2.3 Effects of errors on TCP and NTCP 
 
The magnitude of prostate tumour displacement has been found to be up to 15 
mm in various studies using real patients (Miralbell et al 1998, Sur et al 1993). This was 
of the same range as the combined setup and organ motion errors obtained from our 
Monte Carlo study. The uncertainty in prostate CTV delineation evaluated locally was 
found to have a mean difference of the order of 2.0 mm standard deviation (s.d.); this is 
of the same order of magnitude as reported in other studies (Seddon et al 2000, Jones et 
al 1995). Combined organ motion and set-up errors in 0.5 mm stepsizes up to a 
magnitude of 15 mm, as well as delineation errors in 0.1 mm steps up to a magnitude of 
2 mm, were used in our study to calculate the change in the radiobiological measures of 
response TCP and NTCP. To do this the plans were imported into a Matlab-based tool, 
where incremental translations, based on the combined error around the centre of mass 
of the prostate CTV, rectum and bladder were performed. In this manner each organ was 
displaced with respect to the dose distribution. The resulting total organ dose was the 
summation of the recalculated dose to each voxel following the shift.  
 
Structure 
 
a 
 
D50/TD50 
(Gy) 
 
 
γ50 
 
M 
 
Prostate 
 
-12 
 
46.3 
 
0.95 
 
  - 
Rectum 8.33 80 - 0.15 
Bladder 2 80 - 0.11 
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Figure 3.2 Effect of combined delineation, organ motion and set-up errors on prostate 
∆TCP, based on a 2 Gy per fraction dose prescription, for one patient’s treatment plans 
using incremental margins M  
 
The corresponding new radiobiological measures of response TCPi and NTCPi 
were calculated after each step and this was used to deduce the loss of prostate tumour 
control ∆TCP (calculated as the percentage difference between TCPi and TCPo) and the 
increase in rectal complications ∆NTCP (calculated as the percentage difference 
between NTCPi and NTCPo). This was performed for all M margins used in the 
treatment plans. 
Figure 3.2 shows that, as expected, the increase in treatment margin M resulted 
in the gain in TCP. Increasing the errors resulted in the increased loss of TCP. For 
combined errors with magnitude of up to 15 mm used in our study the TCP was found to 
decrease by up to 14% when no PTV margin was used; up to 7.5% for the 5 mm margin; 
up to 2.0% for the 10 mm margin and 0.5% for the 15 mm margin. 
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Figure 3.3 Effect of combined delineation, organ motion and set-up errors on rectal 
∆NTCP, based on a 2 Gy per fraction dose prescription, for one patient’s treatment plans 
using incremental margins M 
 
The increase in the treatment margin resulted in dose exposure to more of the 
rectal volume, and hence resulted in the step increase in NTCP, as shown in Fig 3.3. The 
increase in the magnitude of the combined error further increased the NTCP values. The 
variation of ∆NTCP with combined error was found to be approximately linear up to 
about 10 mm total displacement, and then non-linear above that. The 3mm margin 
showed the highest rate of increase, this may be due to the shape of the rectum for some 
of the patients in the study. 
 
3.2.4 Effects of errors on V99% and V60 
 
 Using the above Monte Carlo based computation the dose to each organ after 
displacement was calculated, in terms of the CTV volume receiving 99% of the 
prescribed dose (V99%), the rectum volume receiving 60 Gy (V60) and the bladder 
volume receiving 65 Gy (V65). Figure 3.4 shows the variation of the mean CTV V99% 
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and rectum V60 with combined errors for the 3 mm PTV margin for the 5 patient cases. 
Figure 3.5 shows the corresponding variation for the 8 mm PTV margin whilst Fig 3.6 
shows the variation for the 15 mm PTV margin. The error bars represent the range of 
variation in these dose parameters for the 5 patients. 
 The treatment planning data thus shows that an increase in error magnitude 
results in a decrease in the CTV V99%, and a corresponding increase in the rectum V60. 
The magnitude of the reduction in CTV V99% decreases with increasing PTV margin, 
whilst conversely the magnitude of rectum V60 increases with increasing PTV margin. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4 Variation of mean CTV V99% and mean rectum V60 with combined 
delineation, setup and organ motion error magnitude for 3 mm PTV margin for five 
patients 
 
Fig 3.4 shows that for the 3mm PTV, as expected, the rate of decrease in CTV V99% 
starts at above error magnitudes of 3mm. There is up to 55% loss in CTV V99% when 
the error magnitude is increased up to 15mm. Conversely there is up to 35% increase in 
rectum V60 when error magnitude is increased up to 15mm. Error bars indicate that the 
deviation in parameters between the patients increased as the error magnitude increased. 
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Figure 3.5 Variation of mean CTV V99% and mean rectum V60 with combined 
delineation, setup and organ motion error magnitude for 8 mm PTV margin for five 
patients 
 
Fig 3.5 shows that for the 8mm PTV the rate of decrease in CTV V99% starts at 
above error magnitudes of 8mm. There is up to 45% loss in CTV V99% when the error 
magnitude is increased up to 15mm, whilst the rectum V60 increased by up to 35%. 
Error bars indicate that the deviation in parameters between the patients also increased 
as the error magnitude increased. 
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Figure 3.6 Variation of mean CTV V99% and mean rectum V60 with combined 
delineation, setup and organ motion error magnitude for 15 mm PTV margin for five 
patients 
 
Fig 3.6 shows that for the 15mm PTV the rate of decrease in CTV V99% starts at above 
error magnitudes of 13mm. There is up to 15% loss in CTV V99% when the error 
magnitude is increased up to 15mm, whilst the rectum V60 increased by up to 30%. 
Error bars indicate that the deviation in parameters between the patients also increased 
as the error magnitude increased. The above input data was used for subsequent 
modelling using the computational intelligence methods. 
As part of this study (Mzenda et al 2008b), to further understand the dosimetric 
effects of treatment errors, a Monte Carlo technique was used to simulate the effects of 
organ motion and set-up errors on the dose delivered to 3 treatment sites, a prostate case, 
a lung case, and a head and neck case. The input to the simulation was based on portal 
imaging data obtained from the use of fiducial markers. Displacements of the target 
volumes and organs at risk with respect to the static planned dose distribution were then 
performed using the simulated data. The margin sizes used at our centre for treatment 
planning were found to be adequate in achieving the required target dose coverage 
where the criterion that 99% of the CTV should get 95% of the dose was used. To 
incorporate the influence of rotational errors, for the prostate organ a systematic rotation 
error of 3o was also included in the simulation (Fu et al 2006). 
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3.3  Fuzzy system modelling 
 
The Sugeno type fuzzy system was chosen for modelling following initial 
studies using both Sugeno and Mamdani type fuzzy inference systems. From these initial 
experiments the Sugeno fuzzy inference system (FIS) gave results which predicted the 
expected output more closely. The other reason for using the Sugeno FIS was that 
outputs in the form of constants can be obtained. Fig 3.7 illustrates the basic operation of 
the Sugeno FIS using the input data (∆TCP and ∆NTCP, as a function of radiotherapy 
errors), membership functions and fuzzy rules to compute the fuzzy output (PTV 
margin, as a function of ∆TCP and ∆NTCP). 
 
 
 
Figure 3.7 Basic operational principle of the Sugeno type FIS used to calculate the PTV 
margin output function 
 
The total number of membership functions and fuzzy rules for use in this study 
were finalised following an optimisation procedure performed to improve the model 
accuracy. To do this the model was initiated using only a few membership functions and 
fuzzy rules and sequentially fine-tuned by increasing the number of functions and rules 
until the output function fulfilled the applied conditions. 
 The system consisted of two inputs i.e. ∆TCP and ∆NTCP, and one output, the 
PTV margin. The final model used in this study consisted of six membership functions 
which were defined for the inputs and output using linguistic terms i.e. Almost Zero 
(AZ), Very Small (VS), Small (S), Medium (M), High (H) and Very High (VH), to give 
the functions shown in Fig. 3.8 (a) and (b). The widths of the functions were based on 
the gradient of the different sections of the input data and, for ∆NTCP, the critical organ 
tolerance doses.  
INPUT 
∆TCP, ∆NTCP 
f(errors)  
Fuzzification Sugeno Fuzzy 
 Inference System Defuzzification 
OUTPUT 
PTV margin 
f(∆TCP, 
∆NTCP)  
Membership Functions 
Fuzzy Rules  
(Ri) 
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The Gaussian type membership functions were chosen for modelling following 
an assessment of the output from different types of membership functions including 
triangular, trapezoidal and generalized bell. The 3D surface outputs from the non-
Gaussian membership functions showed steep variations which imply uneven changes in 
PTV margin with TCP/NTCP changes, which did not correspond to the known 
relationships from the input data. The Gaussian plot showed relatively continuous and 
even transitions which agree well with the input data variation, hence Gaussian 
membership functions were chosen for fuzzy modelling. Constant terms were used for 
the PTV margin membership functions. 
 
 
 
  
Figure 3.8 Membership functions for (a) ∆TCP and (b) ∆NTCP using six membership 
functions to describe the input terms 
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Each rule in the Sugeno fuzzy system can be of the form 
 
Ri: if (x1 is fi1) and … (xj is fij)… and (xm is fim) 
 
 then yi = gi(x1, …, xm)       (3.1) 
 
where i = 1,...,n; j = 1,…,m; 
 m is the number of inputs, n is the number of rules; 
xj represents the jth input, fij the membership function of the ith rule, yi is the output of 
rule Ri and gi represents the analytical function of the inputs xj.  
 
The fuzzy rules were formulated based on the assumptions that the loss in TCP 
due to organ displacement is compensated for by increasing the margin size whilst an 
increase in NTCP should be corrected for by reducing the PTV margin. An absolute 
NTCP value of 5% is considered to be the maximum acceptable tolerance for rectal 
complications (Emami et al 1991). The rules for the fuzzy system were also generated 
based on the conditions that for ∆NTCP values above 5% the PTV margin was not 
allowed to exceed 10 mm, and for ∆NTCP above 10% the PTV margin was not 
permitted to exceed 5 mm to avoid rectal complications due to margin selection. Also, 
for a tubular structure such as the rectum, the irradiated fraction of the circumference is 
correlated to rectal bleeding (Bent et al 1993). Therefore the fraction of irradiated rectal 
wall was also calculated for each margin as a function of total displacement, and used in 
the formulation of the fuzzy membership rules. Permutations of the membership 
functions for ∆TCP, ∆NTCP and PTV resulted in 36 fuzzy rules which are shown in 
Appendix A1.                        
During the defuzzification phase each input value was evaluated by a set of 
membership functions using each linguistic term in the function. The membership 
degree i.e. non-zero response of each membership function and sequential operation of 
each fuzzy rule were used to generate the output of the Sugeno FIS. The final output y(x) 
was calculated using the aggregated relative individual weighting adjusted factors using 
the centre-of-gravity defuzzification method given by 
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where µi is the weighting firing strength which determines the importance degree of each 
rule in the Sugeno FIS and ωi is the output level of each rule. The centre of gravity 
defuzzification method was chosen for modelling because the crisp output obtained 
using this technique varies continuously when the input values also change continuously 
(van Broekhoven and de Baets 2006). 
 
 
3.4  Fuzzy network modelling 
 
 The fuzzy network was designed to use three input terms, i.e. CTV V99%, 
rectum V60 and error magnitude, and one output term, the PTV_margin. The input data 
was based on the treatment planning results discussed in Section 3.2. The first rule base 
(RB1) consisted of 2 inputs, CTV V99% and rectum V60. The output from this first rule 
base is an intermediate margin (PTV1), which is a function of two parameters only, i.e., 
CTV dose coverage and rectal damage, and is based on a treatment plan generated using 
a CTV only margin. Table 3.3 shows this first rule base, RB1, for the fuzzy network 
model. The rules were generated by assuming the decrease in V99% values requires an 
increase in the margin to attain the required tumour cure, balanced against the 
requirement to keep the rectal dose within acceptable tolerance levels, i.e., V60 of less 
than 40%. Table 3.4 shows the corresponding Boolean matrix representation for this first 
rule base with input terms i1 and i2 and the output term o1. 
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Table 3.3 Representation of the first rule base (RB1) for the fuzzy network model 
 
Rule # CTV V99% Rectum V60 PTV1 
Rule 1 1 1 4 
Rule 2 1 2 3 
Rule 3 1 3 2 
Rule 4 1 4 1 
Rule 5 2 1 4 
Rule 6 2 2 3 
Rule 7 2 3 2 
Rule 8 2 4 1 
Rule 9 3 1 3 
Rule 10 3 2 2 
Rule 11 3 3 2 
Rule 12 3 4 1 
Rule 13 4 1 2 
Rule 14 4 2 2 
Rule 15 4 3 1 
Rule 16 4 4 1 
 
 
Table 3.4 Boolean matrix representation for RB1    
 
i1, i2/ o1 1 2 3 4 
11 0 0 0 1 
12 0 0 1 0 
13 0 1 0 0 
14 1 0 0 0 
21 0 0 0 1 
22 0 0 1 0 
23 0 1 0 0 
24 1 0 0 0 
31 0 0 1 0 
32 0 1 0 0 
33 0 1 0 0 
34 0 1 0 0 
41 0 1 0 0 
42 0 1 0 0 
43 1 0 0 0 
44 1 0 0 0 
 
  
 Application of the error magnitude to PTV1 results in the required clinical PTV 
margin. Hence the second rule base has 2 inputs, the intermediate margin (PTV1) and the 
error magnitude (consisting of combined delineation, setup and organ motion errors) and 
the final output PTV margin. These rules were also formulated on the assumption that an 
increase in the error magnitude leads to an increase in the margin required to attain 
optimum dose coverage and tumour cure, also balanced against OAR tolerance doses. 
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Table 3.5 shows the corresponding second rule base, RB2, used in the fuzzy network 
model, whilst Table 3.6 shows its corresponding Boolean matrix representation. 
 
Table 3.5 Representation of the second rule base (RB2) for the fuzzy network model 
 
Rule # Error magnitude PTV1 PTV margin 
Rule 1 1 1 1 
Rule 2 1 2 1 
Rule 3 1 3 1 
Rule 4 1 4 1 
Rule 5 2 1 2 
Rule 6 2 2 2 
Rule 7 2 3 2 
Rule 8 2 4 2 
Rule 9 3 1 3 
Rule 10 3 2 3 
Rule 11 3 3 3 
Rule 12 3 4 3 
Rule 13 4 1 4 
Rule 14 4 2 4 
Rule 15 4 3 4 
Rule 16 4 4 4 
 
 
Table 3.6 Boolean matrix representation for RB2    
 
i1, i2/ o1 1 2 3 4 
11 1 0 0 0 
12 1 0 0 0 
13 1 0 0 0 
14 1 0 0 0 
21 0 1 0 0 
22 0 1 0 0 
23 0 1 0 0 
24 0 1 0 0 
31 0 0 1 0 
32 0 0 1 0 
33 0 0 1 0 
34 0 0 1 0 
41 0 0 0 1 
42 0 0 0 1 
43 0 0 0 1 
44 0 0 0 1 
 
   
 
 The linguistic composition of the above individual rule bases and the input data 
was applied as shown in Fig. 3.9.  
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Figure 3.9 Schematic representation of the fuzzy network model for margin calculation 
 
This arrangement of inputs was chosen to represent the effects of the 
radiotherapy errors on the chosen clinical PTV margin, based on an initial CTV only 
treatment plan optimised for optimum dosimetric coverage in terms of the V99% and 
V60 parameters. The resulting rule base (RB) for the fuzzy network following the 
horizontal and vertical merging of the first and second rule bases is shown in Appendix 
A2. The overall number of rules for the equivalent single rule base of the model is 64. A 
single fuzzification and defuzzification sequence was then applied to this equivalent 
single rule base for the model. 
 The linguistic composition of the individual rule bases was applied such that 
  
   RB = (RB1 + IRB) * RB2                                                      (3.3) 
 
where RB1 is the first rule base, RB2 is the second rule base, IRB is the identity rule base 
and RB is the equivalent single rule base of the fuzzy network model. The symbols ‘*’ 
and ‘+’ denote horizontal and vertical merging operations of rule bases. The IRB is used 
in the fuzzy network for the purpose of making the operations of vertical and horizontal 
merging of rule bases compatible. The IRB integer representation is shown is Table 3.7, 
whilst its Boolean form is shown in Table 3.8. To facilitate the operation of Equation 
3.3, each rule base was first converted to its Boolean form, and then vertical and 
horizontal merging operations were performed following the procedure described in 
Equations 1-20 as shown in Appendix A3. 
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Rectum V60 
Error 
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RB1 
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Table 3.7 Representation of the identity rule base (IRB) for the fuzzy network model 
 
 
Rule # Error magnitude Error magnitude 
Rule 1 1 1 
Rule 2 2 2 
Rule 3 3 3 
Rule 4 4 4 
 
 
 
Table 3.8 Boolean matrix representation for RB2    
 
i1/ o1 1 2 3 4 
1 1 0 0 0 
2 0 1 0 0 
3 0 0 1 0 
4 0 0 0 1 
 
 
For direct comparison a fuzzy system was also modelled using the dosimetric 
parameters CTV V99%, rectum V60 and ‘Error magnitude’ as inputs, the Mamdani 
fuzzy system using a single rule base (RB) was implemented as shown in Fig. 3.10. This 
was used for initial comparison to the fuzzy network. 
 
 
 
 
 
 
 
 
 
 
Figure 3.10 Schematic representation of the fuzzy system 
 
 
 
The inputs and output were each represented by 4 linguistic terms i.e. small 
(=1), medium (=2), high (=3) and very high (=4). The magnitude of each input term was 
based on expert clinical knowledge. Gaussian fuzzy membership functions, as shown in 
CTV V99% 
Error 
Magnitude 
RB PTV_margin Rectum V60 
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Fig. 3.11 for CTV 99% and Fig. 3.12 for Rectum V60 were used for modelling, and 
these were of the basic form 
   
2
2
2
)(
),;( σσ
cx
ecxf
−−
=      (3.4) 
 
where c represents the centre of the membership function and σ determines its width. A 
total of 64 rules were used for the fuzzy system, see Appendix A4. 
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Figure 3.11 Membership functions for the input function ‘CTV V99%’  
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Figure 3.12 Membership functions for the input function ‘Rectum V60’ 
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The error magnitude and PTV_margin were also represented by the same 4 linguistic 
terms used above, and their membership functions are shown in Fig. 3.13 for error 
magnitude and Fig. 3.14 for PTV_margin. These membership functions were also 
derived based on expert clinical knowledge. 
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Figure 3.13 Membership functions for the input function ‘Error magnitude’ 
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Figure 3.14 Membership functions for the output function ‘PTV_margin’ 
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3.5  Neural network modelling 
 
Two neural network models were designed, the first used input data based on 
TCP/NTCP parameters and the second used V99%/V60 input data. This work therefore 
investigated the use of neural network based models to select the required PTV margin 
from treatment planning based data relating the input errors to TCP and NTCP, as well 
as to the V99% and V60 parameters. The output from the neural network was compared 
to a fuzzy system, a fuzzy network and currently recommended PTV derivation 
statistical methods (Stroom et al 1999, van Herk et al 2000) using the same input data. 
 
3.5.1 TCP/NTCP neural network model design 
 
The first input data for the neural network was based on a study of the effects of 
radiotherapy errors on TCP and NTCP as described in Section 3.1. To provide sufficient 
training and testing data the original simulation of the effects of radiotherapy errors on 
TCP and NTCP was extended to a total of 15 prostate cancer CT-based plans. The 
changes in TCP and NTCP were calculated as a function of increasing the error 
magnitude from a set of sequentially stepped PTV margins. The optimum margin for 
each combination of inputs was selected by a clinical expert, based on the acceptable 
clinical requirements for tumour control and tolerance levels for organ sparing.  
The neural network modelling was performed using a feed-forward multi-
layered network. This model was executed using the Neural Network Fitting Toolbox 
(nftool) in Matlab. This network consisted of 3 inputs, i.e., error magnitude, ∆TCP and 
∆NTCP, and one output, i.e., PTV margin. Fig 3.15 shows the architecture of the neural 
network model used, showing in this case 20 neurons in the hidden layer; w indicates the 
weights, b the bias and + their summation. 
 
Figure 3.15 Architecture of the neural network model 
+ 
w 
b b 
w 
+ / / 
Input Hidden layer Output layer Output 
3 
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The functions used in this network model included: 
• trains – this trains a network with weight and bias rules with sequential 
updates 
• calcjx – this calculates the Jacobian of a network’s errors with respect to its 
vectors of weight and bias values 
• initlay – this is a network initialisation function 
• MSE – this is a network performance function which measures a network’s 
performance according to the mean of the squared errors 
• trainlm – this is a network training function that updates weight and bias 
values according to Levenberg-Marquardt optimisation 
 
Data from 15 patients in total were used for the neural network modelling. 10 
patients’ averaged data was used for training, validation and initial testing. This 
consisted of the 50 samples for each of the 3 inputs, i.e., error magnitude, ∆TCP and 
∆NTCP and 50 samples for the output, i.e., PTV margin. 5 patients’ averaged data not 
used in the training was used for independent testing. This also consisted of the 50 
samples for each of the 3 inputs and 50 samples for the output.  
A summary of the training data used for the neural network is shown in Table 
3.9, showing the mean variation in error magnitude, ∆TCP and ∆NTCP, and the 
optimum PTV margin for 10 patient plans for each combination of input and output 
parameters. The number of hidden neurons for use where reached by way of trial and 
error. For training the 10 patients’ data was divided as follows: 60% for training, 20% 
for validation and 20% for testing. Training was performed using 5, 10, 20, 30, 40, 50, 
60, 80, 100, 150 and 200 neurons. Using too few neurons can result in underfitting 
whilst using too many neurons can lead to overfitting and increase the time taken to train 
the network. Mean square error (MSE) and regression analysis were using for assessing 
network performance. 
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Table 3.9 Training dataset for the first neural network (summary data) 
 
Error magnitude 
(±0.2 mm) 
Mean change in 
TCP (±0.3%) 
Mean change in 
NTCP (±0.3%) 
PTV margin  
(±0.2 mm) 
0.0 0.0 15.0 0.8 
0.4 1.0 14.0 1.3 
0.8 2.0 13.0 2.7 
1.2 3.0 12.0 3.8 
1.6 4.0 11.0 5.0 
2.0 5.0 10.0 7.0 
2.4 6.0 9.0 8.2 
2.8 7.0 8.0 9.3 
3.2 8.0 7.0 10.0 
4.0 10.0 5.0 11.0 
4.4 11.0 4.0 11.4 
4.8 12.0 3.0 11.8 
5.2 13.0 2.0 12.1 
5.6 14.0 1.0 12.3 
6.0 15.0 0.0 12.4 
 
 
The selected PTV margin size increased with increasing loss in TCP, i.e., tumour dose 
coverage, and conversely decreased with increasing NTCP, i.e., damage to critical 
organs.  
 
 
3.5.2   V99%/V60 neural network model design 
 
For the second neural network the input data was based on a study of the effects 
of radiotherapy errors on CTV V99% and the rectum and bladder V60. The simulation 
was also extended to a total of 15 prostate cancer CT-based plans. Variations in V99 and 
V60 were computed as a function of increasing the error magnitude from a set of 
stepped PTV margins. The optimum margin for each combination of inputs and outputs 
in this case was selected based on predefined criteria for desirable CTV coverage and 
acceptable organ sparing. This network consisted of 3 inputs, i.e., error magnitude, 
V99% and V60, and one output, i.e., PTV margin. As in the network above, 10 patients’ 
averaged data was used for training, validation and initial testing. This consisted of the 
50 samples for each of the 3 inputs and 50 samples for the output. 5 patients’ averaged 
data not used in the training was used for independent testing. This also consisted of the 
50 samples for each of the 3 inputs and 50 samples for the output. A summary of the 
training data for the second neural network is shown in Table 3.10. 
 
 
                                                                                                     Chapter 3: Research Methodology 
 48 
Table 3.10 Training dataset for the second neural network (summary data) 
 
 
Error magnitude 
(±0.2 mm) 
Mean change in 
V99 (±0.5%) 
Mean change in 
V60 (±0.5%) 
PTV margin  
(±0.2 mm) 
0.2        100 90 2.0 
0.5          95 80 3.2 
1.0          90 70 4.5 
1.3          85 65 5.5 
1.7          80 60 6.6 
2.0          75 55 7.4 
2.3          70 50 8.6 
2.7          65 45 9.7 
3.3          60 40 10.5 
3.8          50 30 11.2 
4.4          40 20 12.0 
4.8          30 10 12.5 
5.0          20 0 12.5 
 
 
Network training was also performed as described above in Section 3.5.1. 
 
 
 
3.6   Experimental and clinical validation 
 
3.6.1  Treatment plan comparison 
 
The PTV margins derived using computational intelligence models in the above 
sections were used in six different clinical cases.  IMRT prostate plans using these 
margins were compared to determine the dose differences that would result for the target 
volumes and OARs. This information was used to establish the model providing 
optimum tumour dose coverage and OAR sparing. Assuming combined treatment errors 
of up to 3 mm, the required PTV margins were calculated for each model, see Table 
3.11, and used for planning purposes. 
Using the same IMRT dose prescription of 74 Gy and identical CTV, rectum 
and bladder outlines, the plans were optimised for optimum PTV coverage, i.e. 99% of 
the prescribed dose covering the whole PTV. The baseline plan objectives and 
parameters were kept the same in order to determine the differences due to margin size 
only. 
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Table 3.11 PTV margins for IMRT prostate plans 
 
 
Margin model 
 
PTV margin (mm) 
 
Statistical – van Herk                  (vH) 
Statistical – Stroom                     (St) 
Fuzzy network – V99%/V60       (FN1) 
Fuzzy network – TCP/NTCP      (FN2) 
Fuzzy system – V99%/V60         (FS1) 
Fuzzy system – TCP/NTCP         (FS2) 
ANN – V99%/V60                       (AN1) 
ANN – TCP/NTCP                      (AN2) 
 
 
7.0 
5.8 
6.2 
8.2 
7.1 
7.6 
10.0 
10.0 
 
 
3.6.2   Margin reduction and dose escalation 
 
A currently active area of research in external beam radiotherapy is the 
reduction of treatment margins to spare organs at risk and healthy tissues whilst 
escalating the dose to improve tumour cure (Engelsman et al 2005, Zhang et al 2008). 
The effect of margin reduction was assessed for the fuzzy margins in comparison to 
currently used van Herk et al (2000) based margins in IMRT treatment planning. The 
fuzzy derived PTV margins were applied to a typical clinical example where the 
standard deviation from the systematic and random uncertainties is reduced to 3.0 mm, 
i.e. assuming an appropriate IGRT correction protocol, such as cone beam CT (CBCT) 
imaging prior to treatment combined with a specific action level tolerance for set-up 
errors, has been used. In this case a van Herk derived PTV margin of 6.5 mm would be 
used whilst a fuzzy (TCP/NTCP) PTV margin of 7.0 mm would be used. Both margin 
sizes were used on the same IMRT prostate plan where the dose was escalated from 74 
Gy to 78 Gy. Equal displacement errors were applied to both treatment plans and the 
effect on the tumour and organs at risk, i.e. rectum, bladder and femoral heads, was 
assessed. 
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3.6.3 Experimental validation 
 
A perspex phantom, made from 12 perspex blocks each of dimensions of 7.5x15 
cm and 2 cm thickness, was used for the motion experiments; see Fig. 3.15 (a).  
VISICOIL XL® gold markers were inserted into the central blocks to define tumour 
positions at ±2 cm and ±4 cm in the SI (superior-inferior) and AP (anterior-posterior) 
directions. The physical block dimension of 2 cm was used to define the positions in the 
LR (left-right) direction. This resulted in the definition of 3-dimensional tumours of 4 
cm and 8 cm diameters, see Figure 3.15 (b). Markers of dimensions 0.75 mm diameter 
were used for CTV1 (the 4 cm diameter target volume) whilst those of 1.10 mm 
diameter were used for CTV2 (the 8 cm diameter target volume). Additional markers of 
0.35 mm diameter were used for tracking organ motion. Markers were also used to 
indicate the positions of the organs at risk (OARs) of 2 cm diameter, i.e., OAR1 and 
OAR2 for CTV1 and CTV2 respectively.  
IMRT treatment plans were created for CTV1 and CTV2 by using 6 beams with 
gantry angles at every 60o and an energy of 6 MV. The two target volumes were chosen 
to represent small (CTV1) and medium (CTV2) sized tumours of the prostate. Treatment 
plans were generated based on the PTV margins shown in Table 3.11. For measuring the 
delivered dose Gafchromic film was inserted into the phantom as shown in Figure 3.16 
(c).  
 
 
 
 
 
 
 
 
Figure 3.16 (a) Homogeneous perspex phantom, (b) central blocks showing gold 
markers used for tumour motion study and (c) Gafchromic film orientation in phantom 
 
(b) (a) (c) 
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A programmable moving platform shown in Fig. 3.17 was used to drive the 
phantom in the AP and SI directions by providing cyclical motion whilst dose was 
delivered onto the film using high energy photons from the linear accelerator. Fig. 3.18 
shows the typical programmed displacement to move the phantom in SI and AP 
directions. 
 
               
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.17 Programmable motor driven moving platform used to provide motion in 
anterior-posterior (AP) and superior-inferior (SI) directions to the phantoms  
 
 
To analyse the dose delivered film scanning was performed using a Vidar 
scanner (Model VXR-16) which had a dose to optical density calibration. The films 
were scanned at least 48 hours post-irradiation since the Gafchromic film response 
changes with time. Dose plane and profile analysis were performed using OmniPro 
IMRT software (version 1.6). For the profiles and integral dose analysis only the AP and 
SI directions were used as movement in the left-right (LR) direction was very small. The 
dose plane analysis was performed in the sagittal plane. Based on the studies mentioned 
in Chapter 2, phantom motion resulting in target displacement in the range 3-12 mm was 
used in our study to assess the dosimetric effects of organ motion.  
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Figure 3.18  Typical programmed displacement in (a) SI and (b) AP directions 
 
For the evaluation of dosimetric and spatial differences for IMRT fields the γ 
evaluation method was used (Low et al 1998). As an example the comparison of two 
points (ra, Da) and (rb, Db) where r is the three-dimensional spatial co-ordinate and D is 
the absorbed dose co-ordinate is shown in Fig. 3.19. Agreement is fulfilled if the 
normalised vector between the points is less than or equal to unity for the base vectors 
for the dose criteria, ∆d, and the spatial criteria, ∆r. 
The γ value for each point i is calculated by scaling the base vectors according 
to the equation 
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This parameter checks and reports both dose and spatial differences between 
IMRT plans of variable dose gradients. 
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Figure 3.19 Illustration of dose-distance vector space for γ evaluation 
 
 
 
3.7 Conclusion 
 
The computational techniques which were considered most appropriate were 
chosen for developing new computational margin models. A GMM technique was 
chosen to determine doctors’ delineation errors due to its ability to calculate the mean 
and standard deviations of a set of variable input contours. Its use of a probability 
estimator allows the computation of this error magnitude in subsequent outlines.  
A Monte Carlo technique was chosen to compute organ motion and set-up errors 
due to the random nature of these errors, this data was biased and verified via the use of 
measured data, to produce enough data for modelling. A fuzzy system was chosen for 
margin modelling due to its use of fuzzy rules which allows the combination of the 
complex interactions between input errors, their effects and margin sizes in radiotherapy. 
These relations are difficult to parameterise using mathematical methods. A hybrid 
fuzzy network, capable of describing these complex interactions better due to its 
enhanced transparency, was chosen as an initial check of the fuzzy system results. 
Another popular computational method, neural networks, was chosen for comparing the 
initial models. A neural network was chosen because of its ability to learn the 
relationships between input errors, their effects and margin sizes in radiotherapy. All the 
computational systems were also chosen for their capability to model the non-linear 
system represented by the margin problem. 
Absorbed dose (D) 
Spatial position (r) 
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Finally, for comparative validation against current statistical techniques, 
conventional and complex clinical studies were carefully designed to utilise the margins 
from all models. The possibility of margin reduction and dose escalation was also 
considered. A phantom study was designed to check the new models’ performance when 
motion errors are induced, this is otherwise difficult to verify on real patients outside a 
clinical trial. 
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Chapter 4 
 
Results 
 
4.1  Introduction 
 
The Monte Carlo simulation results were analysed, and the effects of treatment 
errors were quantified for the prostate CTV and OARs. Then, using the input data and 
methods described in the previous chapter, the different models were sequentially 
executed and their output was statistically analysed. The use of TCP/NTCP input data 
was contrasted against the use of V99%/V60 input data. The PTV margins from the 
fuzzy system, hybrid fuzzy network and neural network models were compared against 
each other and against the van Herk et al (2000) and Stroom et al (1999) statistical 
models through the use of clinical studies and phantom experiments. 
 
4.2 Monte Carlo Modelling 
 
For the prostate case with no patient realignment displacement of up to a 
maximum of 12 mm was observed in the simulated values. The typical prostate 
displacement in all directions for 35 fractions in one simulation history is shown in Fig. 
4.1 and the use of an online correction protocol and a 5 mm action level is clearly 
demonstrated in Fig 4.1(b), which shows the variation in displacement in all directions 
to be within 5mm. The results from simulations with and without patient realignment 
were subsequently used to displace the CTV and OARs around the static dose 
distribution in the prostate plans to investigate the dosimetric effects of the treatments 
uncertainties. For the cases with no patient realignment a rotation error of 3o in each axis 
was also applied around the centre of mass. 
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Figure 4.1 Displacement simulated for (a) no patient realignment (b) patient realignment 
performed, in SI, AP and LR directions over treatment course of 35 fractions for prostate 
(one history only) 
Abbreviations: SI= superior-inferior; AP=anterior-posterior; LR=left-right 
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The DVH variation of the shifted prostate CTV for one patient case are shown 
in Fig. 4.2 (a) for the 1.0 cm PTV margin when no patient realignment is performed. The 
diagram shows the resulting mean, upper and lower variations due to the simulated 
uncertainties. Mean V99% is indicated by cross (with realignment) and circle (no 
realignment).The error bars indicate the range of variation with no realignment (red) and 
with realignment (black). A 5 mm online correction protocol was assumed. The 
maximum difference compared to the planned dose was observed at the 80-100% 
volume level where variation of up to 0.05 Gy per fraction in the CTV dose was 
observed between the lower and upper DVH curves.  
Fig. 4.2(b) shows the variation in the prostate CTV’s mean V99% for all 5 
patients with and without patient realignment. The CTV’s mean V99% with no patient 
realignment was 95.2% and with patient corrections performed a mean value of 98.4% 
was obtained. Thus the prostate CTV’s V99% showed up to 3.2% improvement with 
reduction in treatment uncertainties. This shows that tighter dose conformity to the CTV 
is achieved when treatment uncertainties are reduced using realignment techniques. A 
5mm action level online correction protocol was assumed in this case. No significant 
variations were observed in the prostate EUD with less than 0.3% change in EUD 
between the plans with and without the use of patient realignment techniques.  
The mean dose to the prostate CTVs was computed for the 3 PTV margin sizes 
per patient and the 0.5 cm PTV margin’s mean dose increased by 0.8% when treatment 
uncertainties were reduced. The corresponding increases for the 1.0 cm and 1.5 cm PTV 
margins were 0.4% and 0.3%, respectively. This implies that reducing the PTV margin 
from 1.0 cm to 0.5 cm in this case will allow for dose escalation. A significant variation 
was observed in the bladder DVHs, where 60% of the bladder volume can get doses 
from a minimum of 0.2 Gy per fraction to a maximum of 1.4 Gy per fraction; see Fig. 
4.3(a). With the additional variations in bladder filling such dose variations can have a 
significant influence on the overall dose received by this organ during treatment. No 
significant improvement was observed in V60 with reduction in treatment uncertainties, 
this is mainly due to the small volume of bladder in the initial planned volumes in most 
cases as well as the proximity of this organ to the PTV since V60 remains within 35% of 
volume after reduction in treatment uncertainties. 
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Figure 4.2 (a) Variation in DVHs of the prostate CTV for one patient over simulated 35 
fraction treatment course for the case with no realignment, and (b) Prostate CTV’s 
V99% variation for all 5 patients with and without patient realignment 
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For the rectum analysis of the DVHs shows that 40% of the rectal volume could 
receive from a minimum of 0.9 Gy to a maximum of 1.8 Gy per fraction as shown in 
Fig. 4.3(b). The V60 of less than 30% condition was satisfied with reduced uncertainties, 
but exceeded when no patient realignment was applied, see Fig. 4.4 (a) and (b). 
Therefore improvements were observed in the rectal V60 where less than 30% of the 
rectum receives 60 Gy dose with reduced uncertainties. 
There were no significant differences observed in maximum doses received by 
the bladder and rectum for the different PTV margins with and without the application 
of patient realignment. This is mostly due to the volume of OAR in the planned dose 
distribution as well as the proximity of these organs to the PTV. Displacement of the 
prostate CTV using the delineation systematic error component alone resulted in a mean 
V99% of 97.4% in the cases with no patient realignment, in contrast to a mean V99% of 
95.2% with all systematic uncertainties included. 
Thus for the prostate plans patient realignment resulted in a reduction in the 
organ displacement from a maximum of 12 mm to within 5 mm. This reduction resulted 
in up to 3.2% improvement in the CTV V99% for this organ. Our results agree to the 
study by Ahmad et al who found the target dose to increase from 2.08% to 4.4% for the 
prostate when set-up uncertainties were accounted for. The small variation in prostate 
EUD obtained in our study of less than 0.3% was comparable to the study performed by 
Wang et al who also found less than 0.21% change in EUD for the prostate organ when 
positional errors were considered. Improvements were observed from our study in the 
rectal V60 where less than 30% of the organ receives 60 Gy with reduction in treatment 
uncertainties. When no patient realignment is used more than 40% of the rectal volume 
receives more than 60 Gy. Boersma et al found a significantly higher incidence of severe 
rectal bleeding in patients where more than 40% of the rectal wall volume received at 
least 65 Gy. Patient correction protocols should always be applied for such treatments to 
minimize adverse dose effects to critical organs. 
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 (a) 
 
          
 (b) 
 
Figure 4.3 Variation in DVHs of the (a) bladder and (b) rectum over simulated 35 
fraction treatment course for one patient case  
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Figure 4.4 (a) Variation in rectum V60 with and without patient realignment for one 
patient case, and (b) V60 showing the mean values and its variation for all patients 
without realignment (red errors bars) and with realignment (black error bars) 
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4.3  Fuzzy system modelling 
 
Based on the TCP/NTCP input data calculated in Section 3.2 the output function 
was calculated for the Sugeno FIS, see Fig. 4.5, as a 3D surface where each point 
corresponds to a specific ∆TCP, ∆NTCP and PTV margin value.  
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Figure 4.5 3D output function of fuzzy system 
 
An increase in ∆NTCP resulted in a decrease in the PTV margin whilst an 
increase in ∆TCP corresponded to an increase in the PTV margin. In other words, as the 
loss in TCP increases the PTV margin is increased to compensate, and as damage to 
tissue increases the PTV margin is correspondingly reduced. The output function 
satisfied the applied system rules and also the conditions regarding the 5% and 10% 
∆NTCP tolerance levels on the margin limitations.  
The van Herk-based and fuzzy-based PTV margins were then compared, for 
corresponding fixed TCP and NTCP parameters, in terms of the root-mean-square of the 
standard deviation of incremental systematic and random errors, see Fig 4.6.  
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Figure 4.6 Comparison of van Herk et al and fuzzy model based PTV margins, in terms 
of the standard deviation of total displacement errors, using the same corresponding 
uncertainties as inputs 
 
In relation to geometric effects, the fuzzy PTV margin from our study is best 
described by a third order polynomial rather than a linear function. For total 
displacement standard errors ranging from 0-5 mm the fuzzy PTV margin was found to 
be up to 0.5 mm bigger than the van Herk derived margin, however taking the modeling 
uncertainty into account results in a good match between the margins at this lower range. 
When the total displacement standard errors exceed 4.5 mm the fuzzy margin remained 
below 12 mm whilst the van Herk margin was higher. This trend is attributed to the 
effect of introducing TCP and NTCP in the margin formulation and the dominance of 
the constraint for rectal sparing in the margin formulation. This variation is dependent 
on the chosen TCP and NTCP tolerances as well as the proximity between the tumour 
volume and the organs at risk. For the prostate organ a PTV margin of 10.0 mm is 
typically used for conformal external beam radiotherapy treatment. The fuzzy PTV 
agrees very well with the van Herk derived PTV at this margin region. 
Whilst the van Herk et al formulation in theory shows a continuous linearly 
increasing PTV margin in practice the combined treatment errors encountered in prostate 
radiotherapy seldom result in PTV margins that exceed 12 mm. In addition the PTV 
margin is reduced qualitatively on the anterior rectal border to spare this organ. Using 
the fuzzy technique ensures that this information is embedded in the margin selection 
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procedure and the results explicitly present information that is otherwise assumed 
knowledge in radiotherapy treatment margin derivation. Thus in the region of large 
errors the rate of PTV margin increase is shown to decrease significantly for the fuzzy 
case compared to the conventional method. A standard uncertainty of ±0.5 mm was 
computed for the error in the PTV margin values obtained using the fuzzy model in this 
study. 
 
4.4  Fuzzy network modelling 
 
For comparison to a fuzzy network the fuzzy system was modelled in terms of 
CTV V99% and rectum V60. The output function for this fuzzy system, showing the 
variation of the PTV margin size as a function of CTV V99% and rectum V60 for a 
fixed error magnitude, is shown in Fig. 4.7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Output function from fuzzy system 
 
The corresponding output surface from the fuzzy network system using the same 
inputs of CTV V99% and rectum V60 is shown in Fig.4.8. Both output functions show 
that the increase in V60 results in a decrease in the selected PTV margin size to spare the 
rectum, whilst a decrease in the V99% is compensated by an increase in the PTV margin 
to achieve the required tumour cure.  
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Figure 4.8 Output function from fuzzy network 
 
The above output functions were used to calculate the relation between PTV 
margin and input values, see Fig 4.9. A consistently higher margin size was obtained 
using the fuzzy system compared to the fuzzy network. The maximum difference 
between the fuzzy system margin and the fuzzy network margin was calculated to be 0.9 
mm whilst the mean deviation was 0.4 mm.  
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Figure 4.9 Comparison of fuzzy system and fuzzy network PTV margins 
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At lower error magnitudes the fuzzy network and fuzzy system margins 
converged. The difference between the two margin sizes increased with increasing error 
magnitude and then remained almost constant at error magnitudes above 3.5mm. 
For comparison to the above results the PTV margin was also calculated using 
both Stroom et al’s and van Herk et al’s margin formulations, as a function of the error 
magnitude of total input errors. The Stroom derived PTV margin was smaller than the 
fuzzy derived margins in all cases, with the fuzzy network values being in closer 
agreement than the fuzzy system margin, see Fig. 4.10.  
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Figure 4.10 Comparison of fuzzy network, fuzzy system and Stroom et al derived 
margins 
 
There was up to 1.8mm difference between the fuzzy system PTV margin and 
the Stroom et al derived margin. There was up to 1.0mm difference between the fuzzy 
PTV margin and the Stroom et al margin. The use of more membership functions was 
performed to check if a more linear variation in the fuzzy margins could be obtained, but 
no difference was observed. This is attributed to the input data used for modelling. 
On the other hand the van Herk derived PTV margin was smaller at small error 
magnitudes (<1.5 mm) and became higher than the fuzzy margins with increasing error 
magnitudes (>1.5 mm), see Fig. 4.11. In this case the van Herk margin showed closer 
agreement to the fuzzy system than to the fuzzy network. Compared to statistical 
methods, both fuzzy margins were up to 1.0 mm larger in the region of very small 
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systematic errors (<2.0 mm), and fell in between the Stroom and van Herk margins at 
higher input errors. 
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Figure 4.11 Comparison of fuzzy network, fuzzy system and van Herk et al derived 
margins 
 
The statistical differences between the margins derived using the fuzzy and 
current methods were investigated further. Taking first the Stroom PTV margin as the 
standard, the fuzzy system and fuzzy network PTV margins were evaluated in terms of 
the mean absolute error (MAE) in mm. This is calculated as the absolute difference 
between each data point in the fuzzy PTV margins and the corresponding points in the 
Stroom et al PTV margin. This parameter was calculated according to the equation 
 
 
   ∑
=
−
=
N
i S
SFZ
M
MM
N
MAE
1
1
    (4.1) 
 
 
where MS are the data points from the Stroom based PTV margin, MFZ are the 
corresponding data points for the fuzzy derived PTV margins, and N denotes the number 
of individual data points compared. The calculation was then repeated taking the van 
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Herk PTV margin as the standard. Table 4.1 shows the results of the MAE calculation 
results from both cases. 
 
 
 Table 4.1 MAE analysis of fuzzy margins against current margins 
 
 MAE (mm) 
Formulation Fuzzy system Fuzzy network 
Stroom et al 1.2 0.8 
van Herk et al -0.4 -0.7 
 
 
The significance of the MAE results is that the fuzzy network margin lies almost equally 
between the Stroom and van Herk margin formulations. On the other hand the fuzzy 
system PTV margin is shown to be in closer agreement to the van Herk margin. 
 The performance of the fuzzy system and fuzzy network models was also 
assessed in terms of the transparency indicator (TI). This index gives an indication of the 
extent to which the model can be inspected from the inside, and is given by 
 
    
mn
qp
TI ee
+
+
=      (4.2) 
 
where pe is the number of inputs to the single equivalent node for the fuzzy network, qe 
is the number of outputs from the single equivalent node for the fuzzy network, n is the 
number of non-identity network nodes and m is the number of non-identity network 
connections. The assumption made in this case is that it is easier to inspect a model from 
the inside in the presence of fewer inputs and outputs from the overall model, as well as 
in the presence of more submodels and interactions between them. 
A lower TI value indicates better transparency. For the fuzzy network the TI 
was calculated to be 1.25 whilst for the single rule fuzzy system the TI was calculated to 
be 4.00. These results indicate that better transparency was obtained using the fuzzy 
network, therefore use of the fuzzy network leads to better interpretability of the model.  
 
4.5  Neural network modelling 
 
The results of the neural network training for the TCP/NTCP and V99%/V60 
models are shown in Fig. 4.12 (a) and (b) respectively. The results show a good match 
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between the target data and the neural network output. The neural network models 
demonstrated a high accuracy in predicting the target data. This result was supported by 
the very small calculated mean square error (MSE) values.  
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Figure 4.12 Results of the neural network training and testing for (a) TCP/NTCP model 
and (b) V99/V60 model 
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Independent testing of the neural network using the data for 5 patients for 
different hidden neurons resulted in the data shown in Table 4.2. 
 
Table 4.2 Independent testing of neural network using different numbers of hidden 
neurons 
 
Hidden 
Neurons 
10 20 30 40 50 60 80 
R value 0.749 0.793 0.934 0.707 0.645 0.772 0.799 
Mean 
error 
 
-0.0043 
 
 
0.0071 
 
0.0031 
 
-0.0036 
 
0.0073 
 
0.0078 
 
0.0069 
 
 
The R value was closest to unity at 30 hidden neurons and the test error was also the 
lowest, hence this number of neurons was subsequently used for all modelling and the 
reported results. Using lower or higher numbers of neurons than 30 resulted in worse 
deviation in the R numbers, and slightly worse output error. A similar result to the one at 
30 hidden neurons was obtained at 200 neurons, however there is an increased 
likelihood of overfitting at this high number. 
  For comparing the neural network output to the fuzzy system and fuzzy network 
results above, corresponding input error magnitude data were used. The PTV margin 
sizes for increasing error magnitudes were computed using the neural network models 
based on TCP/NTCP model and V99%/V60. The results of this testing for both models 
is shown in Fig. 4.13, where ANN represents the neural network model used. 
At lower input errors, i.e., in the range 0-2 mm, the PTV margin from the neural 
network model based on V99%/V60 was found to be approximately 1.0 mm bigger than 
the PTV margin computed based on TCP/NTCP. This result suggests that at lower input 
errors the NTCP parameter may be a more sensitive parameter compared to V60 for 
restricting the margin size as its use leads to a lower PTV margin in this case and better 
rectal sparing. Good agreement was found between the two calculated margins at errors 
above 2.0 mm. 
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Figure 4.13 Comparison of neural network models based on TCP/NTCP and V99%/V60 
 
These results were then compared to the fuzzy models as well as to Stroom et 
al’s margin formulation, see Fig. 4.14. 
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Figure 4.14 Comparison of neural network and fuzzy models to Stroom et al model 
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Figures 4.13 and 4.14 show that use of the TCP/NTCP data and V99%/V60 data 
both resulted in similar magnitudes of the PTV margins. The neural network PTV 
margins were bigger, by up to a maximum of 2.0 mm at small and large error 
magnitudes, and up to 3.5 mm in between these ranges, than margins obtained using 
fuzzy and statistical methods. The fuzzy margins showed better agreement of within 1.5 
mm compared to statistical methods. 
The neural network and fuzzy models were also compared to van Herk et al’s 
margin formulation, see Fig. 4.15 
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Figure 4.15 Comparison of neural network and fuzzy models to van Herk et al model 
 
 
The chi-square goodness of fit test was used to determine whether there was a 
significant difference in the computational intelligence based treatment margins, MAI, 
and the statistically derived margins, MSS. The comparison was performed using 
fractional values of the derived margins according to the relation 
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where k-1 denotes the degrees of freedom. Table 4.3 shows the results of this statistical 
analysis. 
 
 
Table 4.3 Chi-squared test comparison against statistical methods 
 
 
 
Margin model 
 χ2 value 
van Herk margin 
 χ2 value 
Stroom margin 
 
Neural network – TCP/NTCP 
 
0.545 
 
0.023 
Neural network – V99%/V60 0.854 0.132 
Fuzzy network – V99%/V60 
Fuzzy network – TCP/NTCP 
0.975 
0.978 
0.965 
0.754 
Fuzzy system– V99%/V60 
Fuzzy system – TCP/NTCP 
 
0.991 
0.995 
0.886 
0.812 
 
 
 
 
A probability of 0.05 or less is generally considered to be a significant difference, e.g., 
that between the TCP/NTCP neural network model and the Stroom statistical model, 
whilst values closer to unity indicate good correlation. The correlation between the fuzzy 
and statistical margins was found to be better than that between the neural network and 
statistical margins. This may be attributed to the fact that an extended data set was used 
for the neural network modelling compared to the fuzzy modelling, and this introduced 
additional variation between the models. 
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4.6 Clinical and experimental validation 
 
4.6.1 Treatment plan comparison 
 
Using the PTV margin sizes from Table 3.11 for all the models compared, 
treatment plans for six different prostate patients were produced based on clinical 
objectives aimed at achieving optimum tumour coverage and OAR sparing. Figure 4.16 
shows, for one patient case, the transverse cross section through the central slice for the 
different PTV margins around the CTV (where CTV=light orange, vH=red, St=green, 
FN1=blue, FN2=yellow, FS1=lightblue, FS2=purple, AN1= skyblue, AN2=white). 
 
 
(The acronymns represent the following:  
vH - van Herk; St - Stroom; FN1 - Fuzzy network V99%/V60; FN2 - Fuzzy network – 
TCP/NTCP; FS1 - Fuzzy system V99%/V60;  FS2 - Fuzzy system TCP/NTCP; AN1 – 
Neural network V99%/V60; AN2 – Neural network TCP/NTCP) 
 
 
Figure 4.16 Different PTV margins used for IMRT prostate treatment plans 
 
Identical plan objectives were used for all plans, the only variable was the PTV 
margin size, therefore objectives based on the PTV margin changed depending on the 
model used. These objectives included the minimum, maximum and uniform doses 
specified for the PTV. Fig 4.17 shows a cross-sectional transverse slice for the different 
IMRT plans produced for each of the above PTV margins (one patient case is shown). 
Different volumes of bladder (green dotted line) and rectum (brown dotted line) were 
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covered by the resulting isodose lines (blue line shows the 50% isodose level) from each 
PTV margin. 
 
 
 
        
                        
 
Figure 4.17 Transverse slice showing the IMRT plans from the different PTV margins 
for one patient 
 
The dose differences for all six patient cases and the different margin models 
used were analysed for the PTV, rectum and bladder. With respect to use of the fuzzy 
logic based margins Table 4.4 shows that there was no significant difference compared 
to the van Herk IMRT plans in terms of PTV coverage or OAR doses. However use of 
the neural network based margins, as expected, resulted in more dose being delivered to 
the PTV, which could improve tumour cure, but more significantly, results in higher 
dose delivered to the OAR, which could lead to damage of the critical organs. Use of the 
fuzzy system margin based on V99%/V60 inputs was found to give the closest 
agreement to the van Herk IMRT plans. 
vH St 
FN1 FN2 
FS1 FS2 
AN1 AN2 
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Table 4.4 Mean dose differences in IMRT plans compared to van Herk based plans 
 
 
Organ 
 
Dose Difference (cGy) 
  
FN1-vH 
 
FN2-vH 
 
FS1-vH 
 
FS2-vH 
 
AN1-vH 
 
PTV 
 
-5.1 
 
7.8 
 
0.7 
 
3.8 
 
25.4 
Rectum -14.8 23.2 1.9 12.1 77.1 
Bladder -11.3 17.6 1.5 9.2 82.9 
 
 
A similar comparison to the Stroom based IMRT plans, see Table 4.5, shows 
that higher PTV and OAR doses were delivered due to use of the neural network 
margins whilst the fuzzy based margins showed smaller differences. In this case use of 
the fuzzy network margin based on V99%/V60 was found to lead to closer agreement in 
plan parameters to the Stroom based IMRT treatment plans. 
 
Table 4.5 Mean dose differences in IMRT plans compared to Stroom based plans 
 
 
Organ 
 
Dose Difference (cGy) 
  
FN1-St 
 
FN2-St 
 
FS1-St 
 
FS2-St 
 
AN1-St 
 
PTV 
 
2.8 
 
16.3 
 
7.9 
 
12.2 
 
28.9 
Rectum 7.7 45.1 23.4 36.7 108.9 
Bladder 5.3 33.6 16.9 25.9 69.6 
 
 
4.6.2 Margin reduction and dose escalation 
  
Compared to the other margin models, a potential advantage of the fuzzy TCP/NTCP 
based margins is the reduction in the possibility of missing cancerous cells in the target 
volume when margin reduction is applied as they are slightly bigger than current 
margins but not expected to cause adverse effects on critical organs. The aim of this 
clinical investigation was to check if this characteristic would result in comparatively 
worse effects to the organs at risk. IMRT prostate treatment plans were produced based 
on (a) van Herk PTV margin and (b) fuzzy (TCP/NTCP ) PTV margin, using identical 
plan objectives and an escalated dose prescription of 78 Gy, see Fig. 4.18 where the 
dotted line shows the 95% isodose covering the PTV margin shown by the solid line, 
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and the resultant mean dose volume histograms (DVHs) for the (c) prostate PTV and (d) 
rectum, showing the DVH variations after applying a displacement due to a systematic 
error of 3.0 mm s.d. and a rotation error of 2o, assuming an IGRT correction protocol 
was used.  
 
 
   
Figure 4.18 IMRT prostate treatment plans based on (a) van Herk margin and (b) fuzzy 
system PTV margin 
 
For the IMRT plans, as shown in Fig. 4.14, no significant differences were 
found in the prostate CTV, rectum, bladder and femoral heads’ DVHs between the two 
plans when equal displacement errors were introduced. This is due to the small 
differences in these parameters in the original plans and the application of a reduced 
error magnitude due to the reduction of systematic and random errors from the applied 
IGRT protocol. Table 4.6 summarises the difference in the mean doses for the different 
structures of the two IMRT plans after applying the displacement.  
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Table 4.6 Difference in mean dose between the original van Herk margin 
based IMRT plan (VH1) and the displaced van Herk margin based plan 
(VH2), as well as between the original fuzzy margin based plan (FM1) and 
the displaced fuzzy margin based plan (FM2), all based on 78Gy dose 
prescription. 
 
 
 
Organ 
 
Dose difference (cGy) 
 
 
Dose difference as a 
percentage of mean 
planned dose (%) 
 
 van Herk 
plans  
(VH1-VH2) 
Fuzzy plans 
(FM1-FM2) 
van Herk 
plans 
Fuzzy 
plans 
 
PTV 
 
3.13 ± 0.1 
 
4.98 ± 0.1 
 
0.0 ± 0.01 
 
0.1 ± 0.01 
Rectum 18.67 ± 0.5 20.77 ± 0.5 0.4 ± 0.02 0.5 ± 0.02 
Bladder 13.34 ± 0.5 12.63 ± 0.5 0.3 ± 0.02 0.3 ± 0.02 
Femoral head 
(Left) 
220.38± 5.0 260.07 ± 5.0 8.0 ± 0.2 9.5 ± 0.2 
Femoral head 
(Right) 
172.65 ± 5.0 211.67 ± 5.0 7.2 ± 0.2 8.8 ± 0.2 
 
 
 
Comparing the mean dose difference parameters between the two plans again 
showed very similar values between the fuzzy margin based and the van Herk based 
margin IMRT plan for the critical structures i.e. the rectum and the bladder, whilst the 
target volume dose maintained good coverage. The slightly higher differences of up to 
1.6% between the two plans were observed for the femoral heads, however these were 
considered to be of very small dosimetrical significance.  In addition the organ motion 
induced dose averaging effects in IMRT treatments would blur any dose differences 
between such plans resulting in near-identical delivered doses. Therefore use of the 
fuzzy model derived PTV margin resulted in similar doses to currently used margins in 
dose escalated IMRT treatment planning, even in the presence of treatment uncertainties. 
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4.6.3 Experimental validation 
 
Using the experimental setup described in Section 3.5.3 provided a technique for 
measuring the dose delivered onto static and moving targets using films. Typical 
dose/fluence maps showing the planned dose, dose delivered to a static target and dose 
delivered to a moving target are shown in Fig. 4.19 for CTV1 and Fig. 4.20 for CTV2, 
for the fuzzy network (V99%/V60) based target volume i.e. FN1. The results show 
the dose blurring (shown in this case by reduced intensity of dark red dose level) that 
occurs due to organ motion. Results were obtained for both target volumes (CTV1 and 
CTV2) and their corresponding critical organs (OAR1 and OAR2) for the margins 
shown in Table 3.11. 
      
 
 
Figure 4.19 (a) Planned, (b) static delivered and (c) moving delivered dose distributions 
on CTV1  (sagittal view) 
 
 
 
 
Figure 4.20 (a) Planned, (b) static delivered and (c) moving delivered dose distributions 
on CTV2  (sagittal view) 
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The results were analysed using the gamma index functionality which is defined in 
Section 3.6.3. Table 4.7 shows the results obtained, in terms of the difference between 
the gamma values for the static and moving targets. In order to deduce the significance 
of the differences attained the analysis was performed at different dose/distance levels 
i.e. 1%/1mm, 2%/2mm and 3%/3mm. 
 
Table 4.7 Difference in gamma values (film versus planned dose) between ‘static’ and 
‘moving’ targets in sagittal plane (CTV1 and CTV2) 
 
 
 
Differences per gamma setting (%) 
(Static – Moving) 
Margin model Target volume  
1%/1mm 
 
2%/2mm 
 
3%/3mm 
 
CTV1 
 
2.3 
 
1.4 
 
0.9 
 
Fuzzy system – 
V99%/V60        (FS1) 
 CTV2 3.0 2.7 2.3 
CTV1 2.3 1.7 1.1 Fuzzy system – 
TCP/NTCP       (FS2) 
 
CTV2 2.8 2.5 1.8 
CTV1 2.4 2.1 1.6 Fuzzy network – 
V99%/V60         (FN1) 
 
CTV2 4.1 3.3 2.9 
CTV1 2.6 2.3 1.8 Fuzzy network – 
TCP/NTCP        (FN2) 
 
CTV2 3.4 3.0 2.7 
CTV1 1.8 1.2 0.7 Neural network –  
V99%/V60      (AN1)         CTV2 2.1 1.7 0.9 
CTV1 1.9 1.5 0.8 Neural network –  
TCP/NTCP      (AN2)                CTV2 2.3 1.9 1.3 
van Herk –      (vH) CTV1 2.2 1.8 1.2 
 CTV2 2.9 2.6 1.6 
Stroom–         (St) CTV1 2.5 2.0 1.4 
 CTV2 4.3 3.9 2.7 
 
 
All margins provided good PTV dose coverage, and this volume coverage did 
not suffer much degradation in the presence of motion induced errors. More than 95% 
PTV dose coverage was obtained in all cases after inducing motion errors. This implies 
that all margin models provide the required basic PTV dose coverage as expected, the 
difference is how much of the prescribed dose is lost due to treatment errors. The 
                                                                                                                               Chapter 4: Results 
 81 
Stroom and fuzzy network (V99%/V60) models showed the highest reduction, 4.3% and 
4.1% respectively, in dose coverage whilst the neural network models showed the least 
reduction, of up to 2.3%. In comparison the fuzzy models resulted in dose reduction of 
up to 3.0%. Thus for the target volume use of the neural network and fuzzy based PTV 
margins will result in the best target volume coverage even in the presence of treatment 
errors. However this result needs to be contrasted against the corresponding dose 
received by the critical organs. The corresponding changes in OAR dose is shown in 
Table 4.8 for the different margin models. 
 
Table 4.8 Increase in dose between ‘static’ and ‘moving’ OARs (OAR1 and OAR2) 
 
 
 
Differences per gamma setting (%) 
(Static – Moving) 
Margin model Target volume  
1%/1mm 
 
2%/2mm 
 
3%/3mm 
 
        OAR 1 
 
4.1 
 
3.1 
 
2.8 
 
Fuzzy system – 
V99%/V60        (FS1) 
         OAR 2 5.0 4.7 4.3 
OAR 1 4.3 3.7 3.1 Fuzzy system – 
TCP/NTCP       (FS2) 
 
OAR 2 4.8 4.5 3.8 
OAR 1 4.4 4.1 3.6 Fuzzy network – 
V99%/V60         (FN1) 
 
OAR 2 5.1 4.9 4.5 
OAR 1 4.6 4.3 3.8 Fuzzy network – 
TCP/NTCP        (FN2) 
 
OAR 2 6.8 5.7 5.0 
OAR 1 5.2 5.0 4.5 Neural network –  
V99%/V60      (AN1)         OAR 2 8.3 6.3 5.3 
OAR 1 4.9 4.7 4.5 Neural network –  
TCP/NTCP      (AN2)                OAR 2 8.8 6.4 5.3 
van Herk –      (vH) OAR 1 4.2 3.8 3.2 
 OAR 2 4.9 4.6 3.6 
Stroom –         (St) OAR 1 4.5 4.0 3.4 
 OAR 2 5.2 4.7 4.3 
 
 
The fuzzy system margins resulted in the least increase in OAR doses, of up to 
5.0%, due to motion errors. The neural network margins showed the highest increase in 
dose, of up to 8.8%, in the presence of motion errors. The fuzzy network V99%/V60 
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model showed up to 5.1% increase in OAR dose, whilst the fuzzy network’s TCP/NTCP 
model gave up to 6.8% increase in OAR dose. 
From these results, it can be concluded that the fuzzy system PTV margins gave 
the best balance between target volume dose coverage and organ at risk sparing. 
 
 
4.7   Discussion 
 
Whilst the current manual standards of deriving margins in radiotherapy have 
their limitations, they have been used for many patients over the years and the survival 
rates are generally satisfactory. The early and late effects on critical organs and normal 
tissues is however variable. These methods work but they can be clearly improved to get 
better outcomes. No ‘gold standard’ method currently exists in this field which addresses 
all the previously mentioned limitations to be used for comparing the models from this 
study. The other difficulty in validating the proposed models is that the results cannot be 
applied directly to patients. This requires the use of ethically approved clinical trials, 
normally involving a number of radiotherapy centres, and subsequent patient monitoring 
for many years. As such only the recommended methods have been used for 
comparative validation.  
The main objective of this work was to show the feasibility of the computational 
methods for deriving patient margins, and this has been supported by the findings. 
Whilst the proposed methods have been compared together, it is worth pointing out that 
without a ‘gold standard’ this comparison is only relevant for the sample of patient data 
used in this study.  The novelty of the methods proposed in this study lies more in that 
they allow for the calculation of individualised patient margins, which is currently very 
difficult to accomplish due to manual setup of current techniques and the result low 
speed which would make this impossible to achieve in busy radiotherapy departments. 
Using the input data from our sample of patients it was found that above a 
certain point (between 4.0 and 5.0 mm standard deviation of input errors for our models) 
increasing errors should result in a reduction in the PTV margin size. This information is 
missing from currently recommended margin models.  The fuzzy system, fuzzy network 
and neural network models from this study clearly show this bilinear trend which is an 
effect of the proximity of OARs to the tumour volume. This feature should be present 
for all tumour sites where OARs lie in close proximity to tumour volumes. 
In routine prostate clinical planning it is common to use the V99% and V60 for 
the rectum and bladder, to optimise the treatment plan. On the other hand the efficacy of 
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cancer treatment and corresponding damage to healthy tissues and critical structures is 
generally reported using the radiobiological indices TCP and NTCP. To provide 
comprehensive and consistent guidance on the variation of PTV margins with these 
parameters, both sets of parameters have been used in this study for the input data. The 
results obtained indicate that use of the TCP/NTCP and V99%/V60 parameters both 
result in similar magnitudes of PTV margin sizes. It does not matter, therefore, which 
one of these parameters is used in planning as the proposed models will still be 
applicable.  
In general, the Stroom et al model gave the smallest margin size whilst the 
neural network model gave the largest, with up to 3.5mm difference between the 
margins at these extremes. Since the statistical Stroom and van Herk methods are the 
only ones with long-term clinical survival information, as a first check of our models 
closer agreement to these methods is not expected to result in adverse clinical 
conditions. On this basis the fuzzy models, being closer in agreement to statistical 
models, were expected to be clinically more applicable. This initial assessment was 
further validated in clinical studies which showed the fuzzy models produced PTV 
coverage and OAR sparing comparable to the van Herk et al plans. A margin reduction 
and dose escalation study also showed similar results between the fuzzy models and 
current techniques.  
In the fuzzy approach use of fuzzy rules allows more control in modelling the 
variation of the inputs to match the expected output. The margins derived using the 
neural techniques were generally bigger than that from both the fuzzy and statistical 
methods. Whilst neural networks are able to interpolate between different points they 
cannot extrapolate beyond different situations.  
Experimental measurements revealed improvements in the new fuzzy and neural 
network models on dose coverage to the PTV when treatment uncertainties are 
introduced. Better dose coverage, of more than 97%, is maintained when these margins 
are used in the presence of organ motion errors. Another advantage of the fuzzy models 
is that they showed the least dose received by the OARs, an improvement compared to 
current techniques. The neural network models, however gave the highest increase in 
OAR dose, of up to 8.8% in the presence of organ motion errors. 
New treatment strategies e.g. VMAT and Cyberknife, are capable of delivering 
highly conformal dose distributions to the tumour volume. This inevitably involves steep 
dose gradients lying next to critical organs. Using the same margin size for the same 
tumour type for all patients as is currently the case will not be ideal in such treatments. 
This is due to physiological variations between patients. Using the models from this 
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study it is possible to compute margins on a patient by patient basis using individual 
measured errors. This way the most applicable margins will always be used.   
 
4.8   Conclusion 
 
The above results prove that the various limitations of current margin 
recommendations can be addressed by the use of computational techniques to give 
margin models which include all the radiotherapy errors.  The feasibility of the new 
models have been tested using clinical and experimental studies and the fuzzy models 
have been found to improve PTV dose coverage and lead to better critical organ sparing 
in the presence of errors. These margins are expected to lead to better clinical outcomes, 
however clinical trials are required to fully validate this observation. 
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Chapter 5 
 
Conclusions 
 
Computational intelligence based non-linear fuzzy logic and neural network 
techniques have been successfully applied to derive margins for use in prostate 
radiotherapy treatment planning. The limitations of previous models have been 
addressed in the proposed new margin models. The clinical suitability of the margin 
models has been theoretically and experimentally validated against current margin 
recommendations using typical clinical treatment cases.  
The novelty of the presented work includes a first known application of the 
concepts of fuzzy logic and neural networks to derive PTV margins for prostate 
radiotherapy planning. Also a first application of a new hybrid fuzzy network technique 
to derive radiotherapy margins was successfully investigated. This work also presents a 
methodology for combining radiotherapy errors and their radiobiological effects using 
fuzzy rules and neural network input layers. This was previously difficult to establish 
using mathematical methods.  
The author’s original contributions included: the design of a Monte Carlo based 
simulation environment using measured input errors to populate sufficient data 
representative of typical organ motion and setup errors; the design of a modeling 
platform to quantify radiobiological indices due to the error affects; the adaptation of 
fuzzy system and formulation of fuzzy rules and design of a model to quantify margin 
sizes using the derived input data; the similar adaptation of a neural network system and 
a hybrid fuzzy network for new models to quantify margin sizes; the design and 
execution of planning studies to compare the margins from the different models, and the 
design and fabrication of a programmable motor driven platform and perspex phantom 
for experimentally testing the margins under typical organ motion environments. 
 
 
5.1 Overview 
 
The results obtained in this study show that margins for radiotherapy planning 
can be derived based not only on geometrical considerations such as organ motion and 
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set-up errors, as is common in most margin formulations, but also on the radiobiological 
effects of the radiotherapy errors. The techniques of fuzzy logic and neural networks 
have been shown to offer an intuitive, reliable and robust modeling platform for the 
implementation of such a margin computation model. Other often missed effects such as 
delineation errors and the dose effects to surrounding organs at risk and healthy tissues 
have been suitably integrated into the models. The proximity of the surrounding critical 
structures has been taken into account by considering dose effects to these organs with 
increasing margin size.  
The models intuitively give an indication of the maximum allowable margin 
sizes which is currently only assumed in treatment planning. Unlike currently used 
margins which have a linear correlation between increasing error magnitude and PTV 
margin size the derived margins show a bilinear trend. This trend is due to the inclusion 
of organ at risk tolerances in the margin formulation which therefore enforces a 
limitation on the margin sizes which would otherwise result. For the statistical models 
where such OAR tolerances are not included a linear increase in margin size with errors 
is seen. In practice such a situation could lead to the use of unacceptable margins for 
treatment planning. 
Comparative validation of the margin models showed better correlation between 
the fuzzy models and currently used statistical margin models. This was tested using 
typical treatment planning studies. The results from these studies showed that the fuzzy 
based PTV margins indeed resulted in plan parameters that are closer to currently used 
statistical techniques. Use of the neural network based margins was found to lead to 
higher PTV and OAR doses. For application in margin reduction and dose escalation it 
was found that use of the fuzzy model PTV margin resulted in similar doses to currently 
used margins in IMRT treatment planning, even in the presence of treatment 
uncertainties.  
Experimental investigations showed that the margin models used in this study 
did not suffer from significant dose reduction in the presence of organ motion. The 
currently used Stroom et al (1999) model resulted in the highest reduction of up to 4.3% 
in dose coverage to the PTV when organ motion was induced, whilst better results were 
obtained using the computational intelligence models. The neural network model gave 
the highest increase in dose in organ at risk dose, of up to 8.8%, in the presence of 
motion errors. On the whole, the fuzzy system PTV margins gave the best balance 
between target volume dose coverage and organ at risk sparing. 
A significant advantage of the computational margin models proposed in this 
study is that they allow for the calculation of individualised patient-specific treatment 
margins. This can be easily achieved by a measurement of the set-up and organ motion 
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errors prior to treatment, which is feasible nowadays with the newer radiotherapy 
equipment. This information can be fed into an automated fuzzy computational model to 
provide an online margin solution which can be used to adjust the treatment plan.  This 
is not so easy to implement using current manual statistical methods. 
At present class solutions are used in radiotherapy planning meaning that for 
each tumour site all patients will be treated using the same margin size. The range of 
variability in patient anatomy is huge and organ motion varies between patients, 
meaning that the margins currently may not be suitable in some cases. The 
computational intelligence methods have proved to be consistent and accurate in 
calculating the required margin, and with real-time automation they should reliably 
provide the required margin quickly on a patient by patient basis. This cannot be easily 
achieved using the current statistical methods as they rely on manual computations. 
 
5.2 Accuracy, efficiency and feasibility 
 
The fuzzy network margin showed closer agreement to the Stroom et al PTV 
margin whilst the fuzzy system margin was closer to the van Herk PTV margin. The 
neural network margin was up to 3.5mm larger than the statistical margins. Based on 
this analytical comparison, and the subsequent clinical application performed, the new 
techniques were considered to be suitable for radiotherapy margin modelling as some of 
the resulting margins gave better target dose coverage and OAR sparing, and were at 
least as good as current methods in dose escalation applications. The difference in PTV 
margin sizes compared to currently used margins, obtained for computational methods, 
is due mainly to the inclusion of both radiobiological dose and physical error 
considerations in the model. The proposed margins are inherently more accurate as they 
include all the factors that affect the PTV.  
In comparison to manual techniques the proposed models are computationally 
more efficient. It is estimated that to derive a PTV margin using the above models 
should halve the time taken using manual statistical techniques, assuming the constituent 
error sources are known or measured beforehand. With the immense demands on 
radiotherapy in terms of high patient numbers and the required quick turnaround it is 
important to reduce the time in all the steps in the process. The proposed margins 
present the possibility to compute margins quickly and accurately. 
An advantage of the neural network procedure as applied in this study is that 
fewer computational steps are needed to calculate the final result whereas the fuzzy 
based techniques require a number of iterative computational steps including the 
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definition of the fuzzy rules and membership functions prior to computation of the final 
result. An advantage of the fuzzy logic techniques is their ability to use fewer data to 
deduce the relationship between the output and input parameters whilst a substantial 
amount of training data is required for the neural network model. 
For use in dose escalation, the margins from this study were found to lead to 
comparable results to current techniques. No statistically significant differences were 
found in this case between the DVHs of the target and critical organ doses between the 
original and displaced plans. 
 
 
5.3 Modelling transparency 
 
 The statistical mean absolute error (MAE) analysis showed the fuzzy network 
derived PTV margin was almost equidistant between the Stroom et al and van Herk et al 
whilst a larger deviation was found between the fuzzy system and the Stroom derived 
margin. Worse agreement was seen between the neural network models and the 
statistical models. The transparency indicator (TI) index showed that better transparency 
is obtained using the fuzzy network compared to the fuzzy system. This result is 
supported by the demonstrable improvement in the interactions between the model 
parameters. It is expected that clinical users would find it easier to define the parameters 
required for the fuzzy network compared to the other models. This is because the 
constituent inputs can be subdivided into parameters that are easier to correlate. 
 
 
 
5.4 Future work 
 
Future proposed work could consider the use of more training data for the neural 
network techniques as well as the application of neuro-fuzzy based modelling which 
combines the advantages of neural networks and those of fuzzy logic. An advantage of 
the proposed fuzzy models from this study is their adaptability which could be used to 
match changing patient conditions as there are currently no clear recommendations to 
deal with such changes in external beam radiotherapy. 
New treatment strategies utilising dynamic volumetric arc therapy (VMAT and 
RapidArc) have emerged in the last couple of years. These techniques provide intensity 
modulated treatments at a greater speed and hence improved efficiency compared to 
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other IMRT treatment techniques. The margins derived using the computational 
intelligence based techniques should be fully tested for applicability in these new 
treatment modalities. 
 
 
5.5 Summary 
 
The radiobiological measures of response TCP and NTCP tend to be associated with 
high uncertainties, however our results indicate that by using the changes in these 
parameters rather than their absolute values, clinical PTV margins can be derived and 
applied to give good results in IMRT and conventional treatment planning. The 
advantage of the proposed methods is that they combine measured input/output data 
with radiobiogical data and a priori knowledge using linguistic relationships in 
computationally efficient models to produce results that explicitly express the assumed 
margin variations for treatment planning. 
The limitations of treatment margins in accounting for all the uncertainties in 
radiotherapy also need to be understood. Changes in patient conditions such as weight 
loss and gain require the use of both image guidance techniques and deformable 
registration techniques to adjust the treatment margins. Reflex conditions such as the 
patient coughing or swallowing which were previously difficult to correct for can now 
be solved using gating and tracking techniques. The fuzzy and neural network models 
used in this study have the potential to be easily combined with deformable registration, 
gating and tracking algorithms to provide optimised margin solutions for treatment 
planning.  
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Appendix A1: Rules for fuzzy system (TCP and NTCP) 
 
The fuzzy rules used in our study, based on six membership functions each for ∆TCP, 
∆NTCP  and PTV margin as well as applied radiobiological tolerance conditions, 
resulted in the formulation of a total of 36 rules for use in the fuzzy model. These rules 
are shown below 
 
i.  If ∆TCP is almost zero and ∆NTCP is almost zero then PTV is 
almost zero. 
ii.  If ∆TCP is very small and ∆NTCP is almost zero then PTV is 
small. 
iii.  If ∆TCP is very small and ∆NTCP is very small then PTV is 
small. 
iv.  If ∆TCP is small and ∆NTCP is small then PTV is medium. 
v.  If ∆TCP is medium and ∆NTCP is very small then PTV is high. 
vi.  If ∆TCP is small and ∆NTCP is medium then PTV is medium. 
vii.  If ∆TCP is medium and ∆NTCP is medium then PTV is 
medium. 
viii. If ∆TCP is medium and ∆NTCP is high then PTV is small. 
ix.  If ∆TCP is high and ∆NTCP is high then PTV is very small. 
x.  If ∆TCP is high and ∆NTCP is very high then PTV is almost 
zero. 
xi.  If ∆TCP is very high and ∆NTCP is very high then PTV is 
almost zero. 
xii.  If ∆TCP is very small and ∆NTCP is small then PTV is small. 
xiii. If ∆TCP is small and ∆NTCP is very small then PTV is medium. 
xiv. If ∆TCP is very high and ∆NTCP is high then PTV is high. 
xv.  If ∆TCP is medium and ∆NTCP is small then PTV is medium. 
xvi. If ∆TCP is very high and ∆NTCP is high then PTV is very small. 
xvii. If ∆TCP is very high and ∆NTCP is medium then PTV is 
medium. 
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xviii. If ∆TCP is almost zero and ∆NTCP is small then PTV is almost 
zero. 
xix. If ∆TCP is almost zero and ∆NTCP is medium then PTV is 
almost zero. 
xx.  If ∆TCP is small and ∆NTCP is medium then PTV is small. 
xxi. If ∆TCP is small and ∆NTCP is almost zero then PTV is medium. 
xxii. If ∆TCP is medium and ∆NTCP is very small then PTV is high. 
xxiii. If ∆TCP is high and ∆NTCP is small then PTV is medium. 
xxiv. If ∆TCP is very high and ∆NTCP is small then PTV is medium. 
xxv. If ∆TCP is almost zero and ∆NTCP is very small then PTV is 
almost zero. 
xxvi. If ∆TCP is almost zero and ∆NTCP is high then PTV is almost 
zero. 
xxvii. If ∆TCP is very small and ∆NTCP is high then PTV is very small. 
xxviii. If ∆TCP is small and ∆NTCP is high then PTV is very small. 
xxix. If ∆TCP is high and ∆NTCP is almost zero then PTV is high. 
xxx. If ∆TCP is very high and ∆NTCP is very small then PTV is high. 
xxxi. If ∆TCP is almost zero and ∆NTCP is very high then PTV is 
almost zero. 
xxxii. If ∆TCP is very small and ∆NTCP is very high then PTV is 
almost zero. 
xxxiii. If ∆TCP is high and ∆NTCP is almost zero then PTV is high. 
xxxiv. If ∆TCP is very high and ∆NTCP is high then PTV is high. 
xxxv. If ∆TCP is small and ∆NTCP is very high then PTV is almost 
zero. 
xxxvi. If ∆TCP is medium and ∆NTCP is very high then PTV is almost 
zero. 
 
 
Appendix A2: Fuzzy network horizontal and vertical merging 
 
 
To describe the generalised forms of the operations of horizontal and vertical merging of 
Boolean matrices in the fuzzy network, the general rule base for a system with a set of 
inputs {x1,…, xm} and outputs {y1,…, yn} is first represented as shown in Table 1, where 
p1 represents the number of linguistic terms. 
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Table 5.1 Rule base general representation 
 
mxx ,...,1  nyy ,...,1  
m
m
pp
p
p
...
......
1....
.......
...1
.......
1...1
1
1
 
 
mm
m
m
pp
n
pp
p
n
p
p
n
p
n
tt
tt
tt
tt
......
1
1...1...
1
...1...1
1
1...11...1
1
11
11
...
..........
...
..........
...
..........
...
 
 
 
The Boolean matrix, E, which corresponds to the rule base in Table 1 is represented by  
 
nm yyxx ,...,/,..., 11   1...1    …  nq...1   …  1...1q   …  nqq ...1  
m
m
pp
p
p
...
......
1...
......
...1
......
1...1
1
1
         
nm jjiie ...,... 11      
 (1) 
 
 
 
 
 
where the elements are given by 


 =
=
otherwise 0,
...tt...jj if 1,
e
m1m1
n1m1
...ii
n
...ii
1n1
...jj,...ii  
 (2) 
 
E 
row 
label 
column 
label 
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and 11 ,...,1 pi = , mm pi ,...,1= , 11 ,...,1 qj = , nn qj ,...,1= .   
 (3) 
 
The horizontal merging of two Boolean matrices EXZ and EZY leading to the resulting 
matrix EXY is given by the equation 
 
XYZYXZ EEE =∗         
 (4) 
 
 
The first matrix EXZ is represented as 
 
 
 
gm zzxx ,...,/,..., 11   1...1    …  gh...1   …  1...1h   …  ghh ...1  
m
m
pp
p
p
...
......
1...
......
...1
......
1...1
1
1
         kie ,       (5) 
 
 
 
 
 
where i
m
i pPRODi 1,...,1 ==  and k
g
k hPRODk 1,...,1 == .    (6) 
 
The second matrix EZY is similarly represented as  
 
 
ng yyzz ,...,/,..., 11   1...1    …  nq...1   …  1...1q   …  nqq ...1  
EXZ 
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g
g
hh
h
h
...
......
1...
......
...1
......
1...1
1
1
               jke ,       (7) 
 
 
 
 
where k
g
i hPRODk 1,...,1 ==  and j
n
j qPRODj 1,...,1 == .    (8) 
 
The resulting matrix from the horizontal merging operation, performed according to 
Equation 4, is given by 
 
 
 
nm yyxx ,...,/,..., 11   1...1    …  nq...1   …  1...1q   …  nqq ...1  
m
m
pp
p
p
...
......
1...
......
...1
......
1...1
1
1
         jie ,       (9) 
 
 
 
 
 
where i
m
i pPRODi 1,...,1 ==  and j
n
j qPRODj 1,...,1 == .    (10) 
 
This is equivalent to the operation 
 
)],(),...,,([
,,,11,, jffijiji eeMINeeMINMAXe =     (11) 
 
EZY 
EXY 
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where k
g
k hPRODf 1== .       (12) 
 
 
The vertical merging of two Boolean matrices EXY and EVW to give the resulting matrix 
EXV,YW is given by the equation 
 
YWXVVWXY EEE ,=+         (13) 
 
 
The first matrix Exy is represented as 
 
nm yyxx ,...,/,..., 11   1...1    …  nq...1   …  1...1q   …  nqq ...1  
m
m
pp
p
p
...
......
1...
......
...1
......
1...1
1
1
         jie ,       (14) 
 
 
 
 
 
where i
m
i pPRODi 1,...,1 ==  and j
n
j qPRODj 1,...,1 == .    (15) 
 
The second matrix EVW is represented as 
 
hg wwvv ,...,/,..., 11   1...1    …  hs...1   …  1...1s   …  hss ...1  
g
g
zz
z
z
...
......
1...
......
...1
......
1...1
1
1
          cbe ,       (16) 
EXY 
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where b
g
b zPRODb 1,...,1 ==  and c
h
c sPRODc 1,...,1 == .    (17) 
 
 
The resulting matrix from the vertical merging operation, performed according to 
Equation 13, is then given by 
 
 
/,...,,,..., 11 gm vvxx              1...1 1...1   … 1...1 hss ...1    …  nqq ...1 1...1  
… nqq ...1 hss ...1  
hn wwyy ,...,,,..., 11   
m
m
pp
pp
...
......
...
......
1...1
......
1...1
1
1
g
g
zz
zz
...
......
1...1
......
...
......
1...1
1
1
                 jiE ,        
  (18) 
 
 
 
 
 
where i
m
i pPRODi 1,...,1 ==  and j
n
j qPRODj 1,...,1 == .    (19) 
 
the elements in the block are given by 


 =
=
otherwise ,0
1e if ,E
E
VW
ji,VW
ji,    (20) 
 
where 0VW is a null block and DIM (OVW)=DIM(EVW). 
 
 
 
EVW 
EXV,YW 
BLOCK 
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Appendix A3: Rule base for the fuzzy system (V99% and V60) 
 
 
Rule  V99% V60 Error 
Magnitude 
PTV 
margin 
 Rule  V99% V60 Error 
Magnitude 
PTV 
margin 
 1 1 1 1 4  33 2 1 1 4 
2 1 1 2 4  34 2 1 2 4 
3 1 1 3 4  35 2 1 3 4 
4 1 1 4 4  36 2 1 4 4 
5 1 2 1 4  37 2 2 1 4 
6 1 2 2 3  38 2 2 2 3 
7 1 2 3 3  39 2 2 3 3 
8 1 2 4 3  40 2 2 4 3 
9 1 3 1 2  41 2 3 1 2 
10 1 3 2 2  42 2 3 2 2 
11 1 3 3 2  43 2 3 3 2 
12 1 3 4 2  44 2 3 4 2 
13 1 4 1 1  45 2 4 1 2 
14 1 4 2 1  46 2 4 2 1 
15 1 4 3 1  47 2 4 3 1 
16 1 4 4 1  48 2 4 4 1 
17 2 1 1 4  49 4 1 1 1 
18 2 1 2 4  50 4 1 2 1 
19 2 1 3 4  51 4 1 3 1 
20 2 1 4 4  52 4 1 4 1 
21 2 2 1 4  53 4 2 1 1 
22 2 2 2 3  54 4 2 2 1 
23 2 2 3 3  55 4 2 3 1 
24 2 2 4 3  56 4 2 4 1 
25 2 3 1 3  57 4 3 1 1 
26 2 3 2 2  58 4 3 2 1 
27 2 3 3 2  59 4 3 3 1 
28 2 3 4 2  60 4 3 4 1 
29 2 4 1 1  61 4 4 1 1 
30 2 4 2 1  62 4 4 2 1 
31 2 4 3 1  63 4 4 3 1 
32 2 4 4 1  64 4 4 4 1 
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Appendix A4:  Resulting rule base (RB) for fuzzy network 
(V99% and V60) 
 
 
 
Rule  V99% V60 Error 
Magnitude 
PTV 
margin 
 Rule  V99% V60 Error 
Magnitude 
PTV 
margin 
 1 1 1 1 4  33 3 1 1 3 
2 1 1 2 4  34 3 1 2 3 
3 1 1 3 4  35 3 1 3 3 
4 1 1 4 4  36 3 1 4 3 
5 1 2 1 3  37 3 2 1 2 
6 1 2 2 3  38 3 2 2 2 
7 1 2 3 3  39 3 2 3 2 
8 1 2 4 3  40 3 2 4 2 
9 1 3 1 2  41 3 3 1 2 
10 1 3 2 2  42 3 3 2 2 
11 1 3 3 2  43 3 3 3 2 
12 1 3 4 2  44 3 3 4 2 
13 1 4 1 1  45 3 4 1 1 
14 1 4 2 1  46 3 4 2 1 
15 1 4 3 1  47 3 4 3 1 
16 1 4 4 1  48 3 4 4 1 
17 2 1 1 4  49 4 1 1 2 
18 2 1 2 4  50 4 1 2 2 
19 2 1 3 4  51 4 1 3 2 
20 2 1 4 4  52 4 1 4 2 
21 2 2 1 3  53 4 2 1 2 
22 2 2 2 3  54 4 2 2 2 
23 2 2 3 3  55 4 2 3 2 
24 2 2 4 3  56 4 2 4 2 
25 2 3 1 3  57 4 3 1 1 
26 2 3 2 2  58 4 3 2 1 
27 2 3 3 2  59 4 3 3 1 
28 2 3 4 2  60 4 3 4 1 
29 2 4 1 2  61 4 4 1 1 
30 2 4 2 1  62 4 4 2 1 
31 2 4 3 1  63 4 4 3 1 
32 2 4 4 1  64 4 4 4 1 
 
 
 
